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 i 
Abstract 
Reproducibility of third level fingerprint detail is important in personal identification. 
The effect of different substrates on the reproducibility of pore dimensions in inked 
reference fingerprints was investigated.  Photomicrographs of reference prints were 
taken and pore area was measured repeatedly using appropriate software. 
Reproducibility of pore area was also studied in latent prints. Latent prints were 
deposited on chosen absorbent and non-absorbent surfaces and developed using 
Cyanoacrylate and Ninhydrin to determine pore area reproducibility. 
Photomicrographs of ridged skin were captured directly by focusing under 
microscope and pore area reproducibility in these images was studied. Live scans 
were also included in the study to see if pore area can be relied upon in live scans at 
500ppi (pixels per inch). 
Results revealing best third level detail in inked prints were achieved by deposition 
onto a variety of non-absorbent substrates but inter-print variation indicated that pore 
area in inked prints deposited onto paper substrates cannot be used reliably in 
personal identification.  In case of latent prints, variation was greater than normal 
acceptable limits suggesting that pore area is not reproducible in latent prints 
developed using Cyanoacrylate and Ninhydrin techniques. 
Results of direct microscopic images also showed too great inter-image variation 
which has further supported the unreliability of pore area as a tool in personal 
identification. Live scans at 500ppi did not prove to be useful in providing good pore 
detail for study. This study casts doubt on the use of pore area as a reliable 
identification tool in personal identification and suggests raising the scanning 
resolution to study pore detail in live scans. 
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Chapter 1  
Introduction and Review of Literature 
1.1. Fingerprints 
Fingerprints are the impressions formed by placing the ridges present on the surface 
of distal phalanges of the fingers and thumbs against a surface (Moenssens, 1971). 
These ridges, present on the skin of hands and feet, are natural and their purpose is to 
prevent slippage in locomotion, improve grasping (Grew, 1684) and are often called 
friction ridges as a result. Man has taken advantage of this feature by using them for 
personal identification. 
 
For many decades, people in all fields whether they are scientists, police officers or in 
general, have been keen to search a unique method of personal identification. Various 
methods which have been in use are Bertillion method, DNA, facial recognition and 
fingerprints (Czarnecki, 1995). The Bertillion method of anthropometry for personal 
identification was in use for about two decades. Its use came to an end in 1903 when 
two persons with similar anthropometrical measurements were arrested for a crime 
and fingerprint comparison led to the identification of real convict. This was the time 
when fingerprint science gained popularity and acceptance over the Bertillion method 
(discussed in Moenssens, 1997). Since then, fingerprints have been considered and are 
still considered as one of the most important types of physical evidence for personal 
identification (Lennard, 2001). 
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Fingerprint identification is based on the principles of uniqueness and permanence 
(Galton, 1892). Usually, a routine pseudo-scientific procedure is followed while 
making fingerprint comparison, such as ACE-V. In ACE-V ‘analysis’ is carried out 
on the impression recovered from the scene in which the details of the impressions are 
studied i.e.: 
First level detail: - overall pattern shape 
Second level detail: - ridge pattern analysis (ridges bifurcations and ridge endings) 
Third level detail: - characteristics of individual ridges, including the precise shape 
of ridge edges, ‘edgeoscopy’ and the shape and location of pores, ‘poroscopy’ 
(Ashbaugh, 1999). 
 
Secondly, ‘Comparison’ is made between the scene impression and the reference 
print. Thirdly, ‘Evaluation’ is done to see if two given prints match or mismatch. 
Then, this is ‘Verified’ by at least one other fingerprint expert (Kuhn, 1994). 
 
Fingerprint science has undergone dramatic changes in last few decades with the 
introduction of automated fingerprint identification systems (AFIS) and the 
subsequent introduction of ‘livescan’ and electronic fingerprint imaging. It has been 
suggested that AFIS, which is currently based on first and second level detail 
extracted at 500 ppi (pixels per inch) resolution should employ the use of third level 
detail in order to improve the performance and make decisions in robust cases (Jain et 
al., 2006). The introduction of poroscopy into any matching system will add a new 
dimension to evidence and increase the probability of a match being true (Stosz and 
Alyea, 1994). Poroscopy has been proved to be of extreme value in specific instances. 
Relative position of pores is one feature which provides valuable information in 
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personal identification (Locard, 1912; Ashbaugh, 1982). However, little published 
research has been conducted on the reliability of pore area and shape in personal 
identification. 
 
In the present study, the reliability of third level detail in personal identification has 
been investigated by studying the reproducibility of pore area as a measure of pore 
shape in different types of prints i.e. inked, latent, direct microscopic images and live 
scans. Reproducibility in inked impressions has been studied by using different types 
of substrates with different texture to find out substrate effect on pore detail. 
 
Impressions found at the crime scene that need to be developed for the purpose of 
personal identification are called Latent prints. Latent prints are developed using 
different development methods depending upon the type of surface on which they are 
found. In the present study, reproducibility of pore area was studied in latent prints 
developed using cyanoacrylate and ninhydrin. Cyanoacrylate development method is 
based on the mechanism that the water soluble components of the sweat initiate the 
polymerisation process and two types of polymers are formed: spherical and needle 
shaped. The process of polymerisation is accelerated in the presence of heat and 
moisture and it also depends on the time of exposure to cyanoacrylate fumes and the 
concentration of cyanoacrylate used to develop the prints (Lewis et al., 2002). The 
mechanism of action of ninhydrin is the reaction of amino acids present in the sweat 
with the ninhydrin producing Ruhemann’s purple (Wertheim, 2005).  
 
Direct microscopic images were captured avoiding the pressure distortion introduced 
during print collection. Software was standardised prior to taking pore area 
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measurements. Live scan images were captured at 500ppi using L Scan Guardian 
scanner at Home Office Scientific Development Branch (HOSDB) and studied for 
pore detail. 
 
1.2. Structure and Development of Friction Ridge Skin 
Skin is a part of the integumentary system. The integumentary system also includes 
epidermal derivatives like hairs, nails and glands (Purkinje, 1823 translated by 
Cummins and Kennedy, 1940). Skin consists of several types of tissues, sensory 
receptors, vascular and neural networks. It has different structures and a number of 
functions depending on the part of body that it covers. Its surface is relatively smooth 
over most parts of the body except digits, palms and soles where it is corrugated in the 
form of ridges to increase friction (Cowger, 1992). These ridges are called friction 
ridges and are separated by distinct parallel grooves. The skin of digits, palms and 
soles is therefore called friction ridge skin (Siegel et al., 2000). 
 
Understanding the structure and development of friction skin is essential to get 
expertise in science of fingerprint identification as it is based on quantitative and 
qualitative analysis of friction ridge patterns. This knowledge offers an expert to opine 
on the clarity, uniqueness and individuality of friction ridge prints and to decipher if a 
ridge formation is a specific or non-specific characteristic (Ashbaugh, 1999).  
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1.2.1. Histology of friction ridge skin 
Friction ridge skin consists of two layers: epidermis and dermis. 
 
A. Epidermis: It is the outer protective layer, which consists of stratified squamous 
epithelial tissue. The external surface of epidermis bears irregularities in the form of 
ridges and furrows (Purkinje 1823, translated by Cummins and Kennedy, 1940). 
Epidermis has 5 sub-layers (Figure 1.1): 
1. Stratum Corneum: - This layer consists of stratified squamous epithelial cells 
called keratinocytes that are flat dead cells. The keratinocytes in this layer are 
arranged in 15-20 layers. These cells originate from cuboid shaped cells in the 
basal layer (innermost layer of epidermis) and then migrate through the whole 
thickness of epidermis to reach the outermost layer. These cells are regularly 
shed as a result of abrasion and replaced through the process of keratinisation 
(Champion et al., 1993). 
2. Stratum Lucidum: - This layer is present only in the skin of palms, soles and 
lips. It consists of cells containing flattened nuclei and contains eleidine- a 
precursor of keratin (Warwick and Williams, 1973). 
3. Stratum Granulosum: - It consists of flattened cells that are arranged in 3-4 
layers (Warwick and Williams, 1973). 
4. Stratum Spinosum: - This is also called prickle cell layer. It consists of 
keratinocytes arranged in many layers. This layer provides mechanical support 
to the epidermis. This layer with stratum basale is referred to as Malpighian 
layer (Champion et al., 1993). 
  
6 
5. Stratum Basale: - Cells in this layer lie in contact with the basement 
membrane. This layer is also called generating layer as the cells in this layer 
are mitotically active and divide constantly to produce more keratinocytes. 
These basal cells remain firmly attached to the basement membrane and never 
migrate (Warwick and Williams, 1973; Wertheim and Maceo, 2002).  
 
Figure 1.1. Layers of Epidermis, trichrome stain (Source: Slomianka, 2006) 
 
B. Dermis: - It is the inner layer of skin. It is also called cutis or corium. It has 2 sub- 
layers (Figure 1.2): 
1. Papillary layer: It consists of loose connective tissue with fine elastic fibres. 
It sends finger like projections called dermal papillae into the epidermis. These 
papillae increase the surface area across which the oxygen, nutrients and waste 
products are exchanged between the dermis and epidermis. These projections 
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also strengthen the weak area at the junction of dermis and epidermis 
(Warwick and Williams, 1973; Domonkos et al., 1982). 
2. Reticular layer: This layer lies deeper to the papillary layer that consists of 
thick collagen fibres arranged parallel to the surface. It provides strength, 
structure and elasticity to skin. It helps in supporting other components of 
skin, such as sweat glands, eccrine glands, muscle, hair follicles and vascular 
components like blood vessels and lymphatics (Kumar and Clark, 2005). 
 
Figure 1.2. Layers of Dermis, van Gieson stain (Source: Slomianka, 2006) 
1.2.2. Anatomical dimensions of friction skin ridges 
The width of a friction ridge varies in different areas of friction skin and in different 
individuals. Various factors which influence the width of ridges are sex, age, height, 
hand length and breadth (Cummins et al., 1941) and pattern on fingertip (Loesch and 
Lafranchi, 1989). On average, in an adult male, friction ridge width measures 0.50 
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mm and in adult female it varies from 0.40mm to 0.50 mm (Cummins et al., 1941). In 
males, the friction ridges are coarser and wider than females. Ridge width is 
calculated by counting the average number of ridges that cross transversely one cm 
line (1cm/number of ridges); there are about 20.7 ridges per cm in case of adult males 
(Cummins et al., 1941; Ashbaugh, 1999) and 23.4 in case of adult females. Counting 
the number of ridges per cm can be used to differentiate the prints of a child from 
those of an adult (Ashbaugh, 1999; Kralik and Novotny, 2003). 
1.2.3. Friction ridge units 
Friction ridges on the skin of digits, palms and soles are made up of ridge units. Each 
ridge unit consists of one sweat gland or eccrine gland and a pore where the duct of 
gland opens on the surface of friction ridge (Ashbaugh, 1999). There are 2-4 million 
sweat glands distributed on the surface of human body and they are most dense on the 
soles of the feet, being approximately 620 per cm2 (Groscurth, 2002; Kreyden and 
Scheidegger, 2004). Histologically, the sweat glands are simple coiled tubular glands. 
These glands have a secretory part that lies deep in the dermis and a duct that 
discharges the secretions onto the surface of the epidermis through a pore opening 
(Revis and Seagle, 2006). The secretions contain approximately 98% water and 
remaining 2% are solids like inorganic salts mainly NaCl and organic compounds 
such as amino acids, urea, peptides, cholestrin and neutral fats (Table 1.1). This 
perspiration or secretion helps lubricate the friction ridge skin (Lee and Gaensslen, 
2001). It also aids in the process of thermoregulation of the external surface of body. 
Along with the sweat, various types of wastes are expelled through the pore while 
perspiration like heavy metals, organic compounds and macromolecules (Kamel, 
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1994). It is this secretion, which leaves an impression of the ridge pattern on the 
surface when touched. 
 
Table 1.1. Table showing the composition of sweat (Source: Modified from Lee and 
Gaensslen, 2001) 
Inorganic (major) Inorganic (trace) 
Sodium 
Potassium 
Calcium 
Iron 
Chloride 
Fluoride 
Bromide 
Iodide 
Bicarbonate 
Phosphate 
Sulphate 
Ammonia 
 
34–266 mEq/L 
4.9–8.8 mEq/L 
3.4 mEq/L 
1–70 mg/L 
520–7000 mg/L 
0.2–1.18 mg/L 
0.2–0.5 mg/L 
5–12 µg/L 
15–20 mM 
10–17 mg/L 
7–190 mg/L 
0.5–8 mM 
Magnesium 
Zinc 
Copper 
Cobalt 
Lead 
Manganese 
Molybdenum 
Tin 
Mercury 
 
 
Organic (general) Organic (lipids) 
Amino acids 
Proteins 
Glucose 
Lactate 
Urea 
Pyruvate 
Creatine 
Creatinine 
Glycogen 
Uric acid 
Vitamins 
 
0.3–2.59 mg/L 
150–250 mg/L 
2–5 mg/L 
30–40 mM 
10–15 mM 
0.2–1.6 mM 
Fatty acids 
Sterols 
 
Miscellaneous 
Enzymes 
Immunoglobulins 
10–100 µg/L 
10–120 µg/L 
 
Approximately 432 ridge units exist in a square cm of friction skin (Czarnecki, 1995). 
The number of ridge units, their position on the ridge and the site of branching are 
haphazardly established depending on genetic (Hale, 1952; Babler, 1991) and 
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physical factors (Wilder, 1916; Babler, 1991) influencing the friction ridge formation. 
In addition to this, the shape of the ridge units also depends upon a number of random 
growth factors. The ridge units may be thin, frail, may show a bulge or misalign with 
the neighbouring ridge units. Therefore, the size, shape and alignment of friction ridge 
units together with their fusion with neighbouring ridge units are unique for each 
person (Ashbaugh, 1999). 
1.2.4. Pore anatomy  
Pores are arranged in rows on the skin surface. As mentioned above, the sweat glands 
discharge their secretion on the surface of epidermis through ducts with pore 
openings. Depending upon the perspiration activity of a pore, it can be closed or open 
(Jain et al., 2006). The pores are permanent and are sufficiently variable from one 
person to another (Locard, 1912). They vary in shape, size, location on the ridge and 
number per unit area (Locard, 1912; Ashbaugh, 1982).  
 
The shape of pores can be elliptical, oval, ribbed or in the form of varied curvilinear 
triangles. The size of the pore varies from very small to very large measuring 88 to 
220 µm in diameter. Certain individuals have almost all very large pores whereas 
others may have almost all very small pores (Locard, 1912). 
 
The position of pores forms a distinguishing feature. This is examined by comparing 
the position of the pore under study with regards to axis of the ridge or position in 
comparison with neighbouring pores. The pores may be located in the middle of the 
ridge, along the edges or somewhere in between. The pores may form groups, 
arranged in a triangle or may lie isolated (Locard, 1912).  
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The frequency of pores is another feature that fascinated the researchers to study in 
detail. Experts like Locard came up with the findings that the number of pores may 
vary extremely from 9 to 18 pores per cm of friction ridge (Locard, 1912).  
1.2.5. Embryology of friction ridge skin 
Fingerprint patterns constituted by ridges and furrows are formed even before birth, 
during 13-17 weeks of foetal life (Hale 1952; Babler, 1991). One cell thick epidermis 
covers the embryo at 3 weeks of gestation. The development of hand starts between 5-
6 weeks of foetal life. The fingers start forming in 6-7 weeks (Babler, 1991). At the 
same time, volar pads which are nothing but the collection of mesenchymal tissue 
start appearing on the fingertips, interdigital areas, and hypothenar and thenar 
eminences. The geometry of the volar pads greatly influences the pattern of the 
fingerprint. These volar pads grow rapidly till 10 weeks after which they regress and 
develop into friction ridge skin. At around 10 weeks, undulations called primary 
epidermal ridges appear from the proliferation of cells in basal layer of epidermis 
which protrude into the underlying dermis as a result of biological and physical 
factors (Kucken and Newell, 2005). Projections of the dermis between two adjacent 
primary epidermal ridges are referred to as primary dermal ridges (Okajima and 
Morris, 1988) which begin to appear at 14 weeks (Misumi and Akiyoshi, 1991). The 
primary epidermal ridges continue to develop until 15-16 weeks and so at this stage, 
the pattern of friction ridges is permanently set. Some of the primary epidermal ridges 
carry anlagen for the sweat glands. The sweat glands start developing at 17 weeks and 
mature by 20-22 weeks whilst the development of epidermis and dermis continues till 
24th week. So, even before the formation of the epidermis and dermis is completed, 
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the pores are stabilised on the ridge surface and become immutable when ridge 
formation is completed (Jain et al., 2006). Secondary epidermal and dermal ridges 
start developing at 17 weeks and mature by 21 weeks of gestation (Misumi and 
Akiyoshi, 1991). These secondary ridges lie between the primary ridges and increase 
the surface area of attachment to the dermis. Finger like projections called dermal 
papillae begin to develop from the upper surface of dermal ridges at around 24 weeks 
(Okajima and Morris, 1988). These papillae form bridges between the primary and 
secondary epidermal ridges. It is the irregular arrangement of dermal papillae that 
determines the ridge pattern (Babler, 1991). 
 
Primary epidermal ridges correspond to the ridges and secondary epidermal ridges 
correspond to the furrows on the friction ridge skin pattern (Wertheim and Maceo, 
2002) (Figure 1.3). When primary ridge formation is stopped, some of the ridges 
remain immature at the time of differentiation. These ridges are narrow and 
fragmented and are called incipient ridges. Some of the incipient ridges have pores, as 
pores are formed at early stage of ridge formation (Jain et al., 2006). The ridges 
formed may be continuous or may show deviations in the form of bifurcations, short 
ridges, ridge endings and enclosures etc. These ridge characteristics differ from print 
to print and form the basis of fingerprint comparison (Galton, 1892). 
 
Thus, the deeper layer of epidermis acts as a blueprint for the formation of fingerprint 
pattern. This relationship between the friction ridge skin pattern and the arrangement 
of friction ridges in dermis forms the basis for the permanence of fingerprint pattern. 
The pattern thus formed remains persistent throughout life except for changes in size 
with the growth of hand (Galton, 1892). The pattern may be damaged temporarily but 
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it regains its original form eventually if the injury is superficial. In case of deep injury, 
the basal layer along with the dermis may be damaged, which leads to permanent 
destruction of the ridges and scar formation and hence alters the friction skin pattern 
(Faulds, 1880). 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1.3. Cross section of friction ridge skin showing primary and secondary ridges 
(Source: Modified from Ashbaugh, 1999) 
 
 
 
 
Dermis 
Epidermis 
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14 
1.3. Characteristics of Fingerprints 
Fingerprint science is based on three main principles: 
 
A. Fingerprints are permanent: - Permanence of fingerprint pattern has been 
established by a number of early studies and experiments conducted by fingerprint 
pioneers (Faulds, 1880; Galton, 1888; Herschel, 1916; Keogh, 2001). The fingerprints 
of same individuals collected on different occasions with gaps of many years do not 
show any change in pattern on comparison (Herschel, 1916; Keogh, 2001). The 
permanence of fingerprint patterns is supported biologically by studying histology and 
embryology of friction ridge skin as discussed earlier (see section 1.2). 
 
B. Fingerprints are unique: - Fingerprint patterns are unique to an individual which 
means that they differ from one individual to another and even from one digit to the 
other in the same individual. Two given fingerprints may be similar in the type of 
main pattern and arrangement of ridges but they are not identical in all the details. The 
uniqueness of fingerprint ridge patterns, although having no scientific basis, has been 
established through empirical studies and statistical models. The fingerprints of 
identical twins were compared in 17 sets of twins and were found to be dissimilar in 
terms of ridge characteristics and sometimes even in type of overall pattern (Galton, 
1892). Galton (1892) estimated that there are 1 in 64 billion chances of two 
fingerprints having resemblance in pattern type. The specific pattern of friction ridges 
has never been found to repeat (Budowle, 2006). The variation in the width of the 
ridge, alignment of ridge units and location of pores make fingerprint patterns unique 
(Pankanti et al., 2001). 
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C. Fingerprint patterns can be classified: - Fingerprint friction ridge skin has a 
range of patterns into which, it can be classified. Sir Edward Henry (1900) devised the 
classification system based on the type of pattern to narrow down the search for a 
particular fingerprint and to make the fingerprint identification process easy. 
1.4. Classification of Fingerprints 
Fingerprints are classified at three different levels: First level detail, Second level 
detail and Third level detail.  
1.4.1. First level detail 
The need to classify fingerprints arose when large collections of fingerprints were to 
be stored in a suitable manner. As the fingerprints form definite patterns which may 
resemble in overall shape and design, they can be classified and this fact led Sir 
Edward Henry to devise a classification system which is still in use today by the name 
of Henry’s Classification System. Fingerprint patterns are classified into four groups 
(Henry, 1900):  
1. Arches: - Arches constitute 5% of total fingerprint patterns. In this pattern, 
ridges enter from one side of the impression and they flow or tend to flow 
towards the other side of the impression with slight rise in the centre like a 
small hill or a tent forming plain arches and tented arches respectively. 
2. Loops: - Loops constitute 60-65% of fingerprint patterns. When one or more 
ridges enter from one side of pattern, make a recurve and exit or tend to exit 
on the same side of the impression, they form loop pattern. Loop pattern is 
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further subdivided into radial and ulnar loop depending on the slant of the loop 
ridges that whether they slant towards the ulna or radius (bones of fore-arm) 
i.e. little finger or thumb. 
3. Whorls: - Whorls along with Composites constitute 30-35% of the total 
fingerprint patterns. When ridges recurve in circular manner and at least one 
ridge makes a complete circle around the point of core, they form whorl 
pattern.  
4. Composites: - When two or more patterns (arch, loop or whorl) combine to 
form a fingerprint pattern, that pattern is called as Composite. The Composites 
may be further subdivided into Central Pocket Loops, Lateral Pocket Loops, 
Twinned Loops and Accidentals.  
a. Central Pocket Loop: - In this pattern, majority of ridges form loops 
and one or more ridges recurve at the core to form Pocket. In this 
pattern like whorl, at least one ridge makes a complete circle around 
the core and there are two deltas (point nearest to the centre of 
divergence of ridges). Unlike whorl, the line joining two deltas doesn’t 
touch any recurving ridge in the pattern area.  
b. Lateral Pocket Loop (Double Loop): - In this pattern there are two 
separate overlapping loops with separate shoulders and two deltas. The 
core forming ridges of the loops open towards the same side of the 
deltas. 
c. Twinned Loop (Double Loop): - It is the same pattern like Lateral 
Pocket Loop with the difference that the core forming ridges of the 
loops open towards either side of the deltas. 
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d. Accidental: - The pattern which is too irregular to be classified in any 
of the above patterns is called Accidental pattern. 
 
This characteristic alignment of ridges in the centre of the fingerprint is known as first 
level detail (Krzysztof et al., 2004) (Figure 1.4). First level detail serve as class 
characteristics. 
 
The term pattern interpretation is used in relation to giving names to these various 
patterns. The pattern area is the portion of fingerprint that is examined to determine 
the fingerprint pattern and this is usually the central portion of fingerprint, sometimes 
called the core. As this overall pattern is frequently repeated due to a fewer number of 
possible configurations, individualisation of fingerprints cannot be established on the 
basis of first level detail (Ashbaugh, 1999).  
 
        ARCH         TENTED ARCH    LEFT LOOP    RIGHT LOOP   DOUBLE LOOP       WHORL 
     
                       CENTRAL POCKET           DOUBLE LOOP                 ACCIDENTAL 
Figure 1.4. Fingerprint features at level 1 detail (Source: Lennard, 2004) 
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1.4.2. Second level (Galton) detail 
Most of the work done in field of fingerprint science is focused on second level detail 
(Neumann et al., 2006). Second level detail consists of ridge characteristics like ridge 
endings, bifurcations, enclosures, islands, short ridges, ridge breaks and trifurcations 
etc (Galton, 1892) (Figure 1.5). There may be more than 150 ridge characteristics in 
one full fingerprint. These ridge characteristics, also called minutiae, serve as 
individual characteristics. The two basic forms of minutiae generally considered are 
ridge endings and ridge bifurcations (Roddy and Stosz, 1997; Neumann et al., 2006; 
Ross et al., 2007). The concept of 16 point standard (minutiae) in two fingerprints to 
establish the identity has been changed to non-numerical standards for personal 
identification (Evett and Williams, 1995; Mulhern, 2006). It has been established that 
a small portion of fingerprint (partial print) showing even fewer minutiae irrespective 
of their location on general pattern can provide great evidential contribution in 
making an identity (Neumann et al., 2006). Database of most biometric systems 
consists of minutiae templates with salient features like core, delta and minutiae and 
not raw fingerprints image. These minutiae templates can reveal the class of 
fingerprint and even the ridge structure (Ross et al., 2007).  
 
Figure 1.5. Fingerprint features at level 2 detail (Source: Jain et al., 2007) 
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1.4.3. Third level detail 
Use of third level detail for personal identification began when identity could not be 
established using first and second level detail in some cases due to insufficient 
number of ridge characteristics. Identification based on the use of third level detail 
(Figure 1.6) is considered as an advanced identification technique. Study of third level 
detail is called Ridgeology and the term ‘Ridgeology’ was first coined in 1983 by 
David R. Ashbaugh and he defined ridgeology as “The study of uniqueness of friction 
ridge structures and their use for personal identification” (Ashbaugh, 1999). 
Ridgeology includes the study of pores and edge characteristics of ridges. The study 
of pores i.e. size, shape and relative position of pores on the ridges for the purpose of 
personal identification is called Poroscopy. Locard in 1912 conducted a study and 
concluded that study of pore structure can establish the identity. The study of edge 
characteristics of ridges is called Edgeoscopy and it was Salil K. Chatterjee (Kuhn, 
1994) who devised classification of edge shapes and suggested to use this in addition 
to the existing system of fingerprint identification. He classified edge shapes as: 
straight, convex, peaked, table, pocket, concave and angular edges. Chatterjee 
concluded from his study that these edge characteristics are also persistent as pores 
and ridges and do not change throughout the life of an individual. Further research on 
ridgeology was carried out by Ashbaugh and his work was published in “Ridgeology 
– Modern Evaluative Friction Ridge Identification” (Ashbaugh, 1999). Because of his 
work, ridgeology was incorporated into the forensic fingerprint examination system 
by the Royal Canadian Mounted Police (Kuhn, 1994).  
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Figure 1.6. Fingerprint features at level 3 detail (Source: Jain et al., 2007) 
1.5. Poroscopy 
Poroscopy was first brought into practical use by the French criminologist, Dr. 
Edmond Locard. He made use of poroscopy in solving burglary case of Boudet and 
Simonin in 1912. He found 901 pores of left index finger of Boudet and more than 
2000 pores of left palm of Simonin which exactly matched with the developed prints. 
Poroscopy again proved its potential in solving Maten case in 1918 (Locard, 1912). 
Solving these cases using poroscopy opened a new era in the history of fingerprint 
identification. 
 
The science of poroscopy is based on the fact that the pores are permanent, immutable 
and variable from one individual to another in size, shape, position and number 
(Locard, 1912). While making comparison size, shape, relative position and distance 
of pores from the edges are studied and analysed. Matching of 20-40 pores can 
establish ones identity (Locard, 1912; Ashbaugh, 1982). Referencing of pores can be 
done in two instances: 
1. It can be used as an additional method when comparison of first and second 
level detail has already established the identity. 
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2. When identity cannot be established on the basis of ridge characteristics when 
the print is too fragmentary to reveal enough ridge characteristics. Such 
deficient prints are found when the finger is slightly touched with a surface or 
the prints of accused are overlapped by those of the victim or others present at 
the crime scene and only a trace of print of the accused is available which can 
be studied for identification (Locard, 1913). 
 
While studying pore detail, a number of factors must be considered which may affect 
the pore structure. These are human factors like, the amount of pressure applied while 
depositing an inked impression, dirt on friction ridge skin surface, any cuts or 
abrasions, the mental condition at the time of leaving an impression, temperature, 
humidity and state of sweating. External factors which may vary pore dimensions are: 
type of surface used for taking the impression, consistency of ink, etc. Biological 
factors are growth, amputation and scarring (Czarnecki, 1995). 
 
Poroscopy is a competent method of personal identification in some instances 
although these may account for less than 1% of the fingerprint identification carried 
out yearly (Ashbaugh, 1982). An identification based on poroscopy is as accurate and 
reliable as that based on ridge endings (Krzysztof et al., 2004; Jain et al., 2006).  
1.6. Types of Fingerprints 
There are three types of fingerprints that can be found at the crime scene: visible 
prints (patent prints), impressions (indented prints) and invisible prints (latent prints) 
(Brown, 1990). These prints can be found on any surface or object related to the 
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crime. Any of these fingerprints can be present at the site. So, one should always 
consider the possibility of presence of latent prints while studying other types of 
prints.  
1.6.1. Visible fingerprints 
These types of fingerprints are visible to the naked eye and can be studied directly 
provided sufficient contrast is there between the print and the surface. It may require a 
light source when contrast is poor. These prints may or may not need development 
method to enhance the details. Visible prints may be found contaminated with blood, 
ink, dust or soot (Champod et al., 2004). 
1.6.2. Impressions 
These are three dimensional fingermarks in a malleable substance such as putty or 
candle wax. Such impressions can generally be enhanced using oblique lighting 
(Lennard, 2001). 
1.6.3. Latent fingerprints 
The prints which are not visible to the naked eye but can be made so by using 
powders, chemicals and optical devices are known as latent fingerprints. These prints 
form an important tool of physical evidence at the crime scene which if developed by 
suitable technique are useful in personal identification. The latent print impression is 
composed of sweat and contaminants from the surroundings (Lennard, 2001).  
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1.7. Latent Print Development Methods  
The most commonly used techniques of latent print development are powder dusting, 
iodine fuming, silver nitrate, ninhydrin, DFO and cyanoacrylate development 
methods. 
1.7.1. Powder dusting 
It is the simplest and most commonly used method for latent print development. Its 
use started in early 20th century. The powder is applied by brush to the prints 
deposited on the surface. The powder particles adhere to the moisture and oily 
components of the fingerprint deposits and do not adhere to the furrows which are 
devoid of the fingerprint residue. Thus, the powder formulation sticks to the ridges, 
but is easily blown off the furrows making the ridge pattern visible (Sodhi and Kaur, 
2001). Different types of powders used to develop the latent prints are: aluminium 
powder, zinc powder, ferric oxide powder, titanium oxide powder, crystal violet etc. 
Depending upon the type of surface, the powder which gives best colour contrast is 
selected (Bandey, 2007). 
1.7.2. Iodine fuming 
This method involves the warming of iodine crystals which produces violet iodine 
vapours by sublimation. These iodine fumes are absorbed by fingerprint residue 
producing yellowish brown discoloration (Saferstein, 2004). The iodine colour is not 
stable, so the prints developed by this method fade away quickly. To avoid this, iodine 
is chemically fixed with 1% starch solution. This procedure makes iodine stable and 
the colour lasts for a long time (Almog et al., 1979 cited from Saferstein, 2004). 
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1.7.3. Silver nitrate reagent 
The mechanism of this method is the chemical reaction of silver ions with the proteins 
present in the fingerprint residue forming coloured products when exposed to light. 
This method performs well on surfaces like newspapers but cannot be used in some 
situations where latent prints are found on a surface exposed to humidity (Lee and 
Gaensslen, 2001).  
1.7.4. Ninhydrin 
The forensic use of ninhydrin for latent print development was first advocated by 
Oden and Von Hofsten (Oden and Hofsten, 1954). This method is based on the 
mechanism that α-amino acids, polypeptides and proteins present in the fingerprint 
residue react with ninhydrin producing Ruhemann’s purple (Friedman and Sigel, 
1966). Various different formulations of ninhydrin solutions are available in which 
varying amounts of ninhydrin are added to different solvents like acetone, methanol, 
ethanol, ethyl ester, naphtha, heptane, Freon etc (Speak, 1964; Morris and Goode, 
1974; McMahon, 1996; Wertheim, 1997; Marquez, 1999; Elber et al., 2000). 
Ninhydrin solution is applied by various techniques like spraying, swabbing or 
dipping and thereafter, the process is accelerated by using heat at 80º Fahrenheit in 
80% relative humidity. The results obtained depend upon the appropriate 
concentration of ninhydrin and appropriate solvent. The best results were obtained 
when 0.6% – 1% of ninhydrin was added to Freon. Due to concerns about the ozone 
layer, heptanes started replacing Freon as a solvent. Ninhydrin development method 
was modified by Marquez and was applied to carbonless form documents. In this 
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method, ninhydrin solution is prepared by adding ninhydrin to ethanol and heptane 
(Marquez, 1999). 
1.7.5. 1,8-Diazafluoren-9-one (DFO) 
DFO is a ninhydrin analogue which reacts with amino acids present in sweat, 
developing latent prints with pinkish-purple colour. The document with latent prints is 
dipped in a solution of DFO, dried and heated in a laboratory oven at 100°C for 20 
minutes. The prints developed show luminescence at room temperature and can be 
visualized using laser or UV light. DFO is generally inefficient if used after ninhydrin 
treatment (Misner, 2003).  
 
All these techniques are quite effective in recovering the prints in ordinary situations. 
But fingerprints can be found sometimes on wet surfaces, surfaces contaminated with 
the body fluids and blood and on other surfaces etc. Using inappropriate development 
methods can destroy the potential evidence in such circumstances. So new and 
improved methods were investigated for visualisation of such prints. These methods 
are targeted on one or the other component of latent print residue. Depending on the 
print residue, surface and environmental conditions, the best method is employed. The 
advent of new chemical agents and optical and illumination methods for development 
or enhancement of the latent prints revolutionised the field of fingerprint 
identification. New methods of latent fingerprint development include: 
  
26 
1.7.6. Cyanoacrylate / Superglue fuming method 
This technique of latent print development has minimized the time lapse to develop 
latent prints (Kendall, 1983). Use of alkyl-2-cyanoacrylate ester which is also called 
superglue was first reported and demonstrated by Tokyo Metropolitan Police in 1978. 
In 1979, two detective Inspectors of England also reported latent print development 
by superglue and they presented their findings at a regional police conference. In 
1982, this method was brought to the United States by the United States Army 
Criminal Investigation and Bureau of Alcohol, Tobacco, and Firearms Laboratories 
and they started its practical use by developing fuming systems and methods using 
sodium hydroxide to accelerate fuming (Thompson et al., 1988). Cyanoacrylate 
fuming is used for developing the prints on surfaces like plastics, electrical tapes, 
garbage bags, aluminium foil, rubber bands, compact discs and other non-porous 
surfaces. Surfaces with latent prints are exposed to fumes of cyanoacrylate for 
development in air tight chamber. It is believed that heat makes the most efficient use 
of the superglue and reduces the development time (Olenik, 1984; Almog and Gabay, 
1986). Also, it is evident that moisture catalyses the process (Lennard, 2001; Bessman 
et al., 2005). This technique doesn’t interrupt in data retrieval from compact discs 
after the latent prints are developed (Jasuja et al., 2005). The prints developed by this 
technique are white, so there may not be enough contrast for an effective photograph 
to be taken if the surface they are on is also white. In such cases, prints are further 
enhanced by using dusting powders. These powders cling to the white developed 
print, effectively changing its colour (Brown, 1990; Lennard, 2001).  
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1.7.7. Stabilised Physical Developer (SPD) 
This is used to develop fingerprints found on wet surfaces like wet paper. This 
consists of finely divided particles of ferrous ammonium sulphate and ferric nitrate 
dissolved in a surfactant like lauryl amine acetate and Lissapol (Goode and Morris, 
1983 cited from Lee and Gaensslen, 2001). 
1.8. Reference Prints 
When latent fingerprints are recovered from crime scene, a search begins to find the 
owner of these. These prints are compared with the prints of suspects and if they don’t 
match, they are searched against the prints stored in the database, which are collected 
by two different techniques: Inking technique and Scanning technique. 
1.8.1. Inking technique 
In this technique, the finger of an individual is coated with black ink and is pressed 
and rolled onto a paper or a card. The fingerprint card is made up of thick paper 
printed with a uniform layout. The impressions collected on the card are then scanned 
to obtain the electronic images which are stored in database. This is called offline 
image acquisition. The cards are then filed. The images obtained by this method are of 
poor quality due to non-uniform inking of fingers. Thus, these images are not used in 
online AFIS (Automated Fingerprint Identification System) (Afsar et al., 2004).  
1.8.2. Scanning technique 
Scanned images of fingerprints are obtained directly from the finger using scanner 
device instead of collecting inked impressions. Livescan images are usually acquired 
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by impressing the finger onto a scanner platen as shown in Figure 1.7. This image 
acquisition is called online fingerprint sensing (Jain et al., 2006).  
 
Figure 1.7. Livescan to collect fingerprints (Source: Siegel et al., 2000) 
 
There are different types of fingerprint scanners which work on different physical 
processes like (1) Frustrated total internal reflection scanners (FTIR) (2) Solid state 
fingerprint acquisition technique (3) Non-contact 2 dimensional or 3 dimensional 
scanners (4) ultrasonic reflection scanners etc. FTIR is the most widely used sensing 
technique. The scanner has a glass plate on which the finger is touched. One side of 
glass platen is illuminated with a light source. The ridges of fingerprint scatter the 
light diffusely and furrows totally reflect the light which makes the ridges appear dark 
and the image formed is captured by the camera (Photo detector). Optical devices 
provide resolution up to 500ppi but the Scientific Working Group on Friction Ridge 
Analysis, Study and Technology (SWGFAST) sponsored by Federal Bureau of 
Investigation proposed a minimum of 1000ppi scanning resolution to capture 
comparable third level detail (SWGFAST, 2006).  
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The images captured by above techniques are electronically saved and are made 
available to identification bureaus for comparison. As the livescan technique directly 
captures the fingerprint image and eliminates the need for inked prints, it is quicker. It 
has led to the establishment of online verification system.  
 
Once the prints are searched against the database, the system brings up the closely 
matching fingerprints to the latent print recovered from the crime scene. These are 
then compared manually by ACE-V (Analysis Comparison Evaluation and 
Verification) method of analysis (Kuhn, 1994). The fingerprint expert looks for 
Galton details to find if the two prints match. This information is then verified by 
another fingerprint expert.  
 
Fingerprint experts then explain in Court of Law the points of similarities and 
dissimilarities between the two prints, if needed (Leo, 1998).  
1.9. Automated Fingerprint Identification System (AFIS) 
In early 1900’s, as the value of fingerprints for personal identification began to be 
recognised worldwide, the number of fingerprints taken started growing. The 
fingerprints collected on fingerprint cards were stored in various types of filing 
cabinets. By 1946, the FBI (Federal Bureau of Investigation) had collected more than 
100 million fingerprint cards. By 1971, the number of fingerprints collected grew to 
over 200 million. The accumulation of these many records offered challenges with 
respect to storage and maintenance of records which provided opportunities to 
improve the fingerprint identification system. The advent of computers in 1960’s 
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marked a milestone in the development of new systems for record maintenance as, 
now data could be stored in paperless form using an electronic system. 
 
This new system is called Automated Fingerprint Identification System. The 
automation (A) process eliminated the need for manual searching of fingerprint cards 
from filing cabinets and comparing two physical cards. The fingerprints (F) are 
collected using electronic system using scanning device and are stored in the database. 
The identification (I) process involves searching a fingerprint against the database of 
fingerprint images. The use of computers and software and interaction with other 
identification systems has made it to be considered as a system (S) (Komarinski, 
2005). 
 
AFIS automates the identification process by using computers through digital images 
that can be coded and searched. The first AFIS system was brought into effective use 
in 1977 by the Royal Canadian Mounted Police. The New York State Division of 
Criminal Justice Services implemented the first State-wide Automated Fingerprint 
Identification System (SAFIS) in 1989. The city and county law enforcement agencies 
shared their resources which provided better services as the fingerprint examiners 
could search the same database from different places. Another milestone in the 
evolution of AFIS was the installation of Integrated Automated Fingerprint 
Identification System (IAFIS) in 1995. With this new system, information exchange 
became more widened. It brought the interoperability amongst the existing AFIS 
systems (Komarinski, 2005). 
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The National Automated Fingerprint Identification System (NAFIS) became 
operational in United Kingdom in 1997. NAFIS connects the Home Office and 43 
police forces in England and Wales and an integrated national fingerprint system. The 
NAFIS database now has more than 5 million sets of prints. With its introduction, the 
searches can now be carried out at a much faster speed as the information is accessed 
quickly using computers instead of manual search through the filing cabinets (Scottish 
Criminal Record Office, 2007). 
1.10. History of Fingerprinting 
In modern law enforcement, fingerprints play an essential and valuable role. But, to 
discover the earliest use of fingerprints is as impossible as to establish the origin of 
man on this planet. There are records of fingerprints on clay seals used by Chinese 
(Figure 1.8) showing intentional use of fingerprints during T’ang dynasty (618-906). 
They made use of fingerprints on legal documents like contracts, divorce papers etc 
(Laufer, 1912; Moenssens, 1971). 
 
Figure 1.8. The Chinese clay seal bearing a reverse thumb impression (Source: Laufer, 
1912) 
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No study on fingerprints has been reported in the literature until early 17th century 
when studies were carried out with respect to anatomy describing the existence of 
friction ridge patterns on palmer surface. 
 
Dr. Nehemiah Grew (1684) was the first European author who wrote on fingerprints. 
He presented a report before the Royal Society explaining his observations of patterns 
on palms and fingers, sweat pores, epidermal ridges and their arrangements. He also 
presented a drawing of the configurations of one hand. In his paper, he stated: 
“If any one will but take the pains, with an indifferent glass, to survey the palms of 
his hands, very well washed with a ball, he may perceive innumerable little ridges, 
of equal size and distance, and everywhere running parallel to each other. And 
especially on the ends and first joints of the fingers and thumbs, on the top of the 
ball, and near the root of the thumb a little above the wrist. In all which places, 
they are very regularly disposed into spherical triangles and ellipses. On these 
ridges stand the pores, all in even rows, and of such a magnitude as to be visible 
to a good eye without a glass. But, being viewed with one, every pore looks like a 
little fountain, and the sweat may be seen to stand therein as clear as rock-
water…”  
 
Malpighii (1686), an Italian biologist and physician, was the first scientist who 
examined the hand under microscope and observed well marked ridges forming 
various patterns on the tips of fingers. These ridges form loops and spirals and consist 
of pores which exude sweat along the middle of ridge. His outstanding research in 
anatomy led one of the layers of skin to be named after him, “Stratum Malpighi”. 
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Mayer (1788) was the first to conclude that although the patterns of friction skin have 
a close similarity in appearance, but they are different in minute details (Polson, 
1950). 
 
Purkinje (1823), physiologist from Czech Republic published a fifty-eight page thesis 
entitled Commentatio de examine physiologico organi visus et systematis cutanei in 
Latin which means “A commentary on the physiological examination of the organs of 
vision and the cutaneous system”. In his work, he explained about fingerprints, 
creases and pores. He studied ridges, pores and prominences in skin. He came up with 
nine important varieties of patterns of rugae and sulci on terminal phalanges of 
fingers. It was for the first time patterns were classified which laid the foundation for 
other researchers to develop classification schemes of their own. In his thesis, he also 
discussed about sweat pores (Cummins and Kennedy, 1940). 
 
Studies carried out by Grew, Malpighii and Purkinje were purely anatomical and none 
of them did comment on the permanence of the skin ridges of fingerprints and their 
use in personal identification. It was not until 1856 when Sir William Herschel started 
making use of fingerprints for personal identification. He took the handprints of local 
people on contracts to prevent impersonation while he was working as an 
administrator of Hooghly district of Bengal in India. He suggested to use the finger-
marks for pensioners, in registering offices and in jails in India with the purpose of 
preventing impersonation or at refutation of signatures and getting marked benefits 
(Herschel, 1880; 1894). He collected and studied the prints of Captain V. H. Haggard, 
R.N, in 1877 when he was 2 ¾ followed by another print in 1913 when he was 36 
years. He also collected prints from his oldest college friend, William Waterfield in 
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1860 in Nuddea and 17 years later he again collected the prints and found complete 
agreement in the prints. He stated in his publication: 
“I close this record with a comparison between three of my own prints, taken, one 
in 1859, one in 1877, and the last to-day, after fifty-seven years.”  
He concluded from his observations that over a span of 57 years, the pattern of 
fingerprints remained identical (Herschel, 1916). He was the first author who 
experimentally proved the permanence of pattern of fingerprint tips (Polson, 1950). 
 
Herschel and Faulds worked on fingerprints approximately at the same time. Faulds 
(1880) collected fingerprints from Japanese people and on comparison found that the 
prints were distinct. He carried out a study on infants suffering from scarlet fever in 
whom he shaved off the ridges of finger tips with sand paper and noticed that the 
pattern on the skin was reproduced with unvarying fidelity, thereby establishing that 
fingerprint pattern remains unchanged (Faulds, 1880). He was the first person to 
suggest that fingerprints can be used to identify criminals (Faulds, 1905). He himself 
made use of fingerprints in two instances to identify the criminals.  
 
Galton (1892) recognised the ridge characteristic features by which fingerprints could 
be identified. These characteristics called minutia are still in use today for fingerprint 
comparison, and are often referred to as Galton Details. His work was published in a 
textbook, “Fingerprints” in 1892. He classified fingerprint patterns into three main 
classes: arches, loops and whorls on the basis of degree of curvature. He also provided 
a statistical calculation and found that the chances of two individual fingerprints being 
the same were 1 in 64 billion establishing that fingerprints are unique. He confirmed 
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the permanence of fingerprint patterns and discussed the cases he examined in 
Chapter-6 of his book. 
 
Although Galton's work proved to be sound and became the foundation of modern 
fingerprint science and technology, his approach to classification was inadequate. 
Innumerable efforts were made to develop the classification system to study the 
fingerprints. Purkinje came up with nine classification systems, Galton with three but 
Henry came up with fourfold classification system, which made the classification 
devised by Galton, workable (Henry, 1900).  
 
Haque and Bose played a key role in advancement of fingerprint science. Their efforts 
led to establishment of first fingerprint bureau in the world at Calcutta. These two 
Indians, then Indian police personnel, worked out the formula for fingerprint 
classification which contributed a lot to now known Henry’s Method of Classification 
(Henry, 1900). Henry, Haque and Bose analysed the fingerprint patterns of thousands 
of people and worked out filing formula for every convict which helped to keep 
fingerprint records in suitable files and cabinets (Henry, 1900; Sodhi and Kaur, 2005). 
The efforts needed to search for large number of fingerprints were thus reduced by 
this system of classification based on gross physiological characteristics. Henry’s 
classification system laid the foundation of modern day AFIS.  
 
The science of fingerprinting revolved around second level detail until Locard 
explored the reliability of pore detail in personal identification. He is the originator of 
the science of poroscopy. He utilised pore distribution to determine personal identity 
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and court-tested the results of the work, establishing a legal precedent for the use of 
pore location in personal identification (Locard, 1912).  
 
The work of Locard was mentioned in detail in book “Personal Identification” by 
Wentworth and Wilder in 1918. They were so convinced by the Locard’s study that in 
the end of the chapter in their book, they commented “Identification by the sweat 
pores has been used but little up to the present time, perhaps mainly by Dr. Locard in 
France and the present authors in the United states, but the suggestion that this field is 
still largely unexplored may induce others to experiment and investigate along these 
lines” (Ashbaugh, 1982). 
 
Ashbaugh (1982) carried further the work of Locard in the field of poroscopy and 
conducted a study to confirm his findings and reached at the same conclusion. He 
discussed the possibility of using relative pore location and shape to secure personal 
identification. He concluded that pore location had possibilities and derived a simple 
probabilistic model to identify threshold levels for the number of pore locations 
necessary to achieve individualisation in personal identification. Ashbaugh also 
commented on the shortcomings which led to the loss of interest in the science of 
poroscopy. He worked and explored the ways to overcome and improve the 
shortcomings so as to make use of science of poroscopy useful in personal 
identification.  
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1.11. Advances in Fingerprint Science 
Since AFIS has automated the fingerprint comparison, there is a common 
misconception that fingerprint matching is a fully solved problem. But actually, 
fingerprint recognition is still a very challenging task which involves designing 
algorithms for extracting and matching fingerprint features especially in poor quality 
prints.  
 
Despite the fact that fingerprints have been used in personal identification for over a 
century due to their uniqueness and permanence, there have been occasions when 
fingerprint science has been challenged. Recent cases of erroneous identification in 
Shirley McKie, Stephan Cowans and Brandon Mayfield cases (Broeders, 2006) raised 
doubts on the reliability of fingerprint evidence.  A review committee was organised 
by senior management of the FBI in response to misidentifications made by latent 
print examiners. While reviewing the identification based on friction ridge pattern, the 
committee addressed that latent prints ACE-V have a greater component of 
subjectivity as compared to DNA evidence but this doesn’t raise any question on the 
reliability of fingerprint evidence as fingerprint science is based on the principles of 
permanence and uniqueness. The committee admitted that one of the challenges the 
latent print examiners face is that latent prints can be very fragmentary and small in 
some instances where comparison cannot be made on second level detail thus it 
encouraged the examiners to use third level detail in these cases. Also, the committee 
encouraged testing the permanence and performance of all possible third level 
features. The committee found that fingerprint science is very reliable but there are 
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some scientific areas where improvement in practice can be made (Budowle et al., 
2006).  
 
There are many latent fingermark development methods and efforts are still ongoing 
to develop techniques with better sensitivity. Condor macroscopic chemical imaging 
system is an emerging technique which detects even poor quality latent fingermarks, 
treated (with DFO, Ninhydrin, Cyanoacrylate) or untreated. This technique allows 
expert to obtain digital images and the molecular spectrum of the fingermark analysed 
(Payne et al., 2005). 
 
Revealing fingermarks on wet surfaces is a challenge for forensic scientists. Small 
Particle Reagents (SPR) reveals fingermarks on wet surfaces. SPR reacts with the 
fatty acid component of sweat in the latent marks and makes them visible (Cuce et al., 
2004; Polimeni et al., 2004). Likewise, 1,2-indanedione is an emerging reagent to 
develop fingermark left on non-porous surfaces with higher sensitivity than Ninhydrin 
and DFO (Yu and Wallace 2007; Wallace-Kunkel et al., 2007).  
 
Development of fingermarks which have been tampered with at the crime scene is 
another challenge. Fingermarks on any metallic surface at the scene are usually 
developed using powder dusting, cyanoacrylate, ammoniacal silver nitrate, palladium 
salts etc but these techniques work well if the latent marks are substantially sebaceous 
in nature but Williams and McMurray (2006) have proposed a technique to develop 
latent fingermarks on metallic surfaces by Volta potential mapping using a Scanning 
Kelvin probe and found that even unnoticed fingermarks embedded under soot can be 
visualised using this technique. They also proposed that this technique is effective to 
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visualise the prints, which have been physically removed by rubbing from a metal 
surface. They presented the visualisation of latent fingermarks on non-planar surfaces 
like fired cartridge cases. 
 
Latent fingermarks left at the scene of crime are not often protected from environment 
and thus can get affected by atmospheric agents. This results in recovery of 
fragmented and partial fingermarks.  Comparing these partial prints against the prints 
in a database can pose several problems like insufficient second level details, missing 
core or delta, unspecified orientation and non-linear distortion of these partial 
fingermarks, which reduces the discriminatory power. Thus the forensic science 
community has been active in searching for extended set features to tackle these 
issues, and one of these efforts led to the use of third level detail in personal 
identification. It has been established beyond doubt that third level features are also 
unique and permanent and can be relied upon for making identification (Locard, 
1912). 
 
Ashbaugh’s work stimulated the application of relative pore location in real casework, 
using manual matching procedures to achieve personal identification (Barclay, 1991; 
Clegg, 1994). The work done by Locard and Ashbaugh has been reviewed by Kuhn in 
1994 and Czarnecki in 1995. Since then several different techniques based on third 
level detail have been developed to improve the performance of fingerprint matching 
systems, which encourages further research in the field of poroscopy.  
 
Stosz and Alyea (1994) developed a matching technique utilising pore features in an 
automated fingerprint matching system. Pore detail was studied in live scan images. 
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Unique multilevel verification/identification technique using a combination of ridges 
and pores was developed and compared with the system that utilises ridge features 
(Galton details) only. They identified that 500dpi resolution is not good enough for 
extracting pore features and recommended higher resolution and good quality images 
to study pore features. The images were skeletonized, pore features extracted and 
matching was done by manually selecting the region of interest from the segmented 
fingerprint image. Matching scores were calculated. Results showed that pore 
matching technique is more efficient than minutiae based matching for reducing false 
acceptance rate (FAR), the measure of likelihood that a system will incorrectly 
identify an unauthorised user. They found that by including pore feature in the 
existing minutiae based system, false rejection rate (FRR), the measure of probability 
that a system will fail to identify an authorised user, went down to 6.96% which is 
well below 31% with minutiae based matching and the FAR was found to be 
negligible. This study demonstrates that by including pore features to the minutia 
features, the matching system will have negligible FAR and relatively low FRR. 
 
Roddy and Stosz (1997) presented a model to predict the performance of a pore based 
automated fingerprint-matching routine developed in the research and development 
division at the National Security Agency, which is one of the few systems that uses 
pores in its matching system. They also discussed the statistics of fingerprint pores 
and efficacy of using pores in addition to minutiae to improve system performance. 
They proved that pores are unique and the probability of occurrence of a particular 
combination of 20 pores is 5.18 x 10-8 in two prints from different sources. They 
presented their results in Table 5 in the paper and concluded that amongst latent, 
inked and livescan fingerprints, live scans are best for the detection of pores in 
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fingerprint impression but the size and shape of the pores in live scans are variable. 
Pore size, shape and pore detection is variable in latent prints. Inked fingerprints give 
the best results to study the size of the pores but shape may vary and so does the 
detection of pores in inked prints. They stated that: 
“The size of an individual pore may vary from one scan to the next, leading to the 
relatively unreliable pore sub-feature” but they concluded that “Given a certain 
number of pores along a ridge or a number of pores in a constellation, the 
probability of someone else’s having an identical configuration is sufficiently low 
to preclude a false accept”. 
 
In another study conducted in 1999, Roddy and Stosz determined the efficacy of using 
pores in addition to second level detail in routine fingerprint matching. They 
conducted their study with scanned images. They tested inherent reliability of the 
pores in personal identification and analysed pores from 516 images of 10 different 
fingerprints and found that selected pores were visible in 91% of the images but the 
least reliable pore taken after an individual altered his print through variety of means, 
appeared in 75 % of the images They stated: 
“The pore’s position, size and shape are features making it distinct from other 
objects in an image”. 
They suggested that a hierarchical approach to matching can lead to better 
performance of fingerprint authentication system. 
 
Bindra et al., (2000) conducted a study on inked as well as latent prints deposited on 
different types of porous as well as non-porous surfaces developed by various 
standard methods in one hundred individuals. They found that poroscopy can be 
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helpful in personal identification, and that it is easy to study pores in inked 
impressions. But the clarity of pore detail depends upon the type of surface and the 
method employed to develop the latent prints.  
 
Krzysztof et al., (2004) estimated the potential of third level detail in fragmented 
prints. They conducted a study in which they extracted ridge, minutiae and pore 
features from reference images and test fingerprint fragments. For each comparison, 
reference images were left intact and the test images were fragmented. In this 
experiment, they used 2000ppi images stored in database. The matching score of ridge 
minutiae structure was computed by normalized correlation and pore features by 
geometric distance criterion. The matching score was then compared to the threshold 
to find if the prints were from the same source. Accord and discord scores were 
calculated. It was found that with the decrease in the size of test fingerprint fragment, 
the correlation score increases, if the two prints are from the same source. They 
concluded that third level detail can prove as useful in opining on the partial prints as 
second level features for fragments of larger area.  
 
Ray et al., (2005) made the first attempt to extract pore features from images captured 
at 500ppi to study pore location and to use this feature in a fingerprint matching 
system. They applied an algorithm of modified minimum square error approach to the 
images captured at 500ppi and checked accuracy and reproducibility of the algorithm 
output. They also applied an algorithm on inked fingerprint images. They found more 
noise results and more spurious pore location in inked prints. They found 90% 
accuracy and 85% reproducibility of this procedure in live scanned images at 500ppi. 
These scores are fairly good considering the effect of non-linear distortion on pores.  
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In response to the recent doubts on fingerprint science, a study was conducted by 
Schiffer and Champod (2007) to evaluate the potential influence of observational 
biases in fingerprint matching. They determined the influence of training and the 
influence of background information in the analysis of fingerprints. They found that 
training plays a very positive role in fingerprint comparison and there is no effect 
induced in fingerprint comparison by context information provided to examiners. 
 
The removal of numeric standards and adoption of non-numeric standards in the use 
of fingerprints for personal identification in England and Wales in 2001 and 
subsequently in Scotland has allowed fingerprint examiners greater flexibility in 
which features to use when making personal identification. These changes were made 
on the grounds of some fundamental measures like maintaining high standards with 
training, certification and competency testing of fingerprint experts, quality assurance 
by regular auditing, developing bureau procedures (Mulhern, 2006).  In particular, 
these changes enabled features at third level detail to be used by fingerprint examiners 
in personal identification.  
 
Researchers (Ratha and Bolle, 1998; Watson et al., 2000; Ross et al., 2006) have 
attempted to determine and resolve non-linear distortion introduced when a 3D finger 
touches an image acquisition surface, which is 2D. This distortion varies each time a 
print is acquired and can be due to many reasons like amount of pressure applied on 
the surface, movement of finger on the surface, moisture and elasticity of skin at that 
time etc. For reliable matching this non-linear distortion needs to be accounted (Ross 
et al., 2006). Non-linear (elastic) distortion is one of the major challenges in a 
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fingerprint matching system. In order to study the within source variability, Egli et al., 
2007 conducted a study and acquired a database. They also studied if there is any 
change in the matching scores with change in minutiae number. They designed a 
model using Weibull distribution which compensates non-linear distortion and found 
that even the fingermarks with limited information in terms of quality and quantity 
which cannot be compared with existing systems, can be compared with this system 
with high likelihood ratio.  Increase in minutiae number leads to increase in matching 
score. 
 
Another study was conducted by Neumann et al., (2006) to gather knowledge of 
within and between source variability. They developed a model that considers non-
linear distortion and variability introduced by it. They acquired a database to study 
within source variability by collecting 216 fingerprints with a wide distortion range. 
Also, they evaluated the evidential contribution of partial and distorted fingermark. 
They found that even 3 minutiae could play a major evidential contribution in partial 
prints.  
 
Since pores are located on fingerprint ridges, they are equally affected by this non-
linear distortion. Meenen et al., (2007) proposed a simple transformation method 
derived from Taylor series expansion to overcome non- linear distortion in fingerprint 
images. This transformation uses the position of known features and from this it 
determined the parameters of distortion, which are then applied to image to minimise 
distortion. They noticed improvement in pore based matching score by 21.6% relative 
to conventional techniques.  Equal error rate dropped by 21.3% (from 1.03% to 
0.81%) after using a transformation based system. 
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Jain et al., (2006) proposed a fully automatic fingerprint matching system, which uses 
first, second and third level detail in a sequential manner. This system utilises 1000 
ppi resolution at all levels of feature extraction using optical livescan device called 
Cross-Match 1000 ID. Firstly, level 1 detail is compared in 2 given fingerprints in 
which agreement and alignment between the orientation fields are established. If they 
mismatch, the system rejects the query and no further comparison is done. When first 
level detail match, second level detail is looked for corresponding minutiae and a 
matching score is calculated. A threshold of 12 point guideline is set which is helpful 
for making identification. If this threshold is not met, use of third level detail is made 
which are automatically extracted using Gabor filters and wavelet transform. Gabor 
filters enhance the ridge detail. These features are then compared by Iterative Closest 
Point (ICP) algorithm, which compensates non-linear distortion. They observed that 
there is 20% relative reduction in the error rate of the matching system. From their 
study, they concluded that study of third level detail gives important discriminatory 
information and significant improvement in the performance of the matching system 
can be achieved by using third level detail in combination with first and second level 
detail. 
 
Jain et al., (2007) extended their work by testing the performance of a hierarchical 
matcher approach they opted for fingerprint matching system, across different image 
quality i.e. high quality and low quality images. They found consistent   performance 
gain by this approach across different quality images, thus claiming that level 3 detail 
can also be studied in images with low quality. From these studies, they strongly 
suggested that level 3 details should be examined along with level 2 features for better 
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performance of matching systems. Introduction of level 3 features at 1000ppi in the 
existing automated fingerprint matching system will make it more accurate and 
robust. 
 
Another attempt to add new dimension to the existing matching system was made by 
Chen and Jain (2007) by studying the reliability of other third level features in 
personal identification. They made a successful attempt to extract level 3 features 
(dots and incipient ridges) in partial prints and evaluated its benefits in Next 
Generation Identification systems. They proposed a local phase symmetry algorithm 
to extract these level 3 features. Dots and incipient ridges are isolated features and 
they show slightly higher local symmetry than fingerprint ridges. Due to this, they 
applied a wavelet based on Log Gabor functions. They carried out 2 experiments, first 
on 1000ppi and second on 500ppi fingerprint images. In first experiment they 
manually cropped partial fingerprint area and matched it against full fingerprint while 
in second experiment, they randomly cropped partial print and matched against 
second full impression. They found that these third level features can be automatically 
extracted and when used as extended set features in matching, improves the matching 
performance. 
 
In the present study, least touched third level sub-feature has been explored, which is 
pore area, to establish that pore area in inked, latent, direct microscopic images and 
live scans is reproducible. Prints of the Left Index finger were taken throughout the 
experiment (inked, latent, direct microscopic images and live scans). In addition to 
this, the Right thumb was used in inked prints; Right thumb and Right Index were 
used in live scans. Reproducibility in inked impressions has been studied by using 
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different types of substrates with different texture to find out substrate effect on pore 
detail. Latent prints are developed using cyanoacrylate and ninhydrin development 
methods to study reproducibility of pore area. Direct microscopic images were 
captured avoiding non-linear distortion introduced during print collection. Software 
was standardised prior to taking pore area measurements. Live scan images were 
captured at 500ppi using L Scan Guardian scanner at the Home Office Scientific 
Development Branch (HOSDB) and studied for pore detail. 
 
The aim of this research was to study the reproducibility of pore area in inked prints, 
latent prints, direct microscopic images and live scans by gathering empirical data so 
as to establish the reliability of pore area in fingerprint matching system for the 
purpose of personal identification which will add a new dimension to fingerprint 
science. Once it has been established that pore area is reproducible, the range of pore 
area can be studied in relation to gender, population and ethnic origin. This will allow 
use of more specific probability models in accordance to the known aspects in each 
identity test. More importantly, in case of fragmentary fingermarks recovered at scene 
of crime which do not have enough second level detail and required number of pores 
in relative position, a statistical model can be developed using pore area as an 
extended set feature in personal identification. 
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Chapter 2  
Material and Methods 
2.1. Materials  
Substrates 
80 gsm (grams per square metre) white copier LaserJet paper was purchased from 
Canon; 90 gsm laser paper and 160 gsm LaserJet paper were purchased from Hewlett-
Packard, USA; 160 gsm ‘pulp- board’ paper, 230 gsm matt heavy weight inkjet paper 
and 260 gsm gloss inkjet paper were purchased from Jessops Photo, The Jessops 
Group Ltd, England; 106 lb (224 gsm) 100% cotton acid free paper was purchased 
from Strathmore Paper Mill, Franklin; Invoice paper with smooth texture (unknown 
origin) and UK Police National Fingerprint Form (unknown details) were used; 
Overhead transparencies, 0.1mm thick with smooth surface were purchased from 
Corporate Express (Code-6090932) and Compact discs were obtained from Orange 
Home UK plc 2006. 
 
Roller 
0.1m rubber roller was purchased from Educational Art + Craft Supp. Ltd., 
Kidderminster, England. 
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Light source 
Halogen lamp FINLUX 200N, light source (15V/150W) was purchased from Finlay 
Microvision, Southam, Warks, Germany. 
 
Glassware 
Silica glass plates and microscopic slides were purchased from Agar Scientific Ltd., 
66a Cambridge Road, Stansted Essex, England; 500ml borosilicate glass beaker was 
purchased from Ilmabor, Germany and metallic dishes were available in University of 
Wolverhampton. 
 
Microscopes, lenses and cameras 
A Nikon ‘Eclipse’ ME600 microscope (Nikon Corp., Tokyo, Japan) using a SPOT RT 
colour camera (with integral software Version 4.02) was purchased from Diagnostic 
Instruments Inc., Michigan, USA; Nikon Coolpix 4500 digital camera with 4.0 mega 
pixels, 4x zoom, was purchased from Nikon, Japan; SMZ-2T stereo-microscope was 
purchased from Nikon, Japan and an adaptor to attach camera to microscope was 
purchased from Coolpix, MDC Lens, Nikon, Japan. 
 
Scanner 
L Scan Guardian scanner, F 2006, version 0, model RJ 0468 manufactured by Cross 
match Technologies was used. 
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Software 
Image Pro Plus (Version 4.5) software was purchased from Media Cybernetics Inc., 
Maryland, USA and Photoshop CS3 Extended version 10.0 was purchased from 
Adobe.  
 
Cyanoacrylate fuming chamber 
A Perspex chamber for Superglue latent print development, measuring 50.9cm x 
30.4cm x 30.4cm was purchased from Harvard apparatus limited, Fircraft Way, 
Edenbridge, Kent. Inside the chamber, an ELITE 802, air circulatory fan, air output 
1000c.c per minute (with 2 pipe outlets), purchased from Rolf C. Hagen (U.K) 
Limited, Castleford, W. Yorkshire, WF10 5QH and a magnetic stirrer hotplate, 220-
240 Volts, purchased from Stuart Scientific Co. limited, made in Great Britain were 
adjusted.  
 
Finger resting material 
‘Blu’ (sic) tack was purchased from Bostik Limited, Common Road, Stafford, 
Staffordshire, England. 
2.2. Chemicals 
Black fingerprint ink was purchased from Reeves, Harrow, England and Superglue 
tubes were purchased from Poundland Ltd, Wellmax Road, Willenhall, England. 
Ninhydrin (95.0%) was purchased from BDH Chemicals Ltd; ethanol (95.0%) was 
purchased from Hayman Ltd., East Park, Essex, England; ethyl acetate (General 
purpose reagent) was purchased from Scientific & Chemical Supplies Ltd.; acetic acid 
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(99.5%) was purchased from Philip Harris Scientific and Heptane (Laboratory 
reagent) was purchased from Fisons Scientific apparatus. 
2.3. Methods 
The reproducibility of pore area will be studied in inked prints, latent fingermarks, 
direct microscopic images and live scans. Pores will be examined as follows in 
impressions of: 
2.3.1. Inked prints: Left Index finger and Right thumb 
2.3.2. Latent prints: Left Index finger 
2.3.3. Direct microscopic images: Left Index finger 
2.3.4. Live Scan images: Left Index finger, Right index and Right thumb 
 
The Left Index finger will be used to collect prints throughout the experiment. After 
the print collection, pore area will be measured using Method 1 (inked prints) and 
Method 2 (Latent fingermarks, Direct microscopic images and Live scans). Method 1 
is used as pores in inked prints on some of the substrates were lacking marked 
margins, so a standard was set for measurement by drawing a circle touching at least 
three sides of the pore. In Method 2, pore area measurement is done by drawing a 
boundary around the pore. The results obtained will be analysed statistically. 
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2.3.1. Inked prints  
2.3.1.1. Inked print collection 
A number of techniques have been developed in recent years to ink the finger but 
the standard method of taking fingerprints with inked plate has been used in the 
present study. A 15cm x 10cm x 0.6cm inking glass plate was selected with 
smooth surface and edges without any scratches. A rubber roller with smooth 
surface was used to spread a thin coat of ink on inking plate. The roller and plate 
were thoroughly cleaned using 95% alcohol before and after coating the plate, to 
make them free from any foreign matter.  
 
The glass plate was coated using one 2.5mm x 2.5mm drop of black fingerprint 
ink. The same procedure was followed using 2, 3 and 4, 2.5mm x 2.5mm drops of 
black fingerprint ink. Development of inking plate with two drops of black 
fingerprint ink was adopted as standard procedure. Two drops were placed on the 
inking glass plate and rolled smoothly using the roller to obtain an even, thin and 
uniform film. Fingers were thoroughly wiped using 95% alcohol and then dried 
before inking. Prints were collected by inking the fingers from the plate. The hand 
was relaxed while prints were collected. The positioning of the inked glass plate 
was set so as to allow the subject’s forearm to take a horizontal position. Print 
deposition was tried at different pressures, judged qualitatively as low, medium, 
and high. Prints deposited with medium pressure were selected for further study. 
Different procedures were used to deposit the prints including a single tapped 
print procedure in which a print was deposited after inking the finger; 2 tapped 
print procedure in which 2 prints were collected consecutively one after the other 
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after inking the finger once and similarly a 3 tapped print procedure. One tapped 
print procedure was adopted as standard procedure for print collection.  
 
Prints were deposited onto a variety of papers from different manufacturers, 
plastic transparencies and different types of glass surfaces. Glass plates were 
thoroughly washed using standard glassware washing procedure before print 
deposition and new glass slides used to collect the prints were cleaned with 95% 
alcohol. The properties of paper investigated in study included: weight (grams per 
square metre) and surface texture (glossy and non-glossy papers). The weight of 
metric paper is given in grams per square meter (gsm). Different papers used 
were: 80 gsm white, copier laser inkjet paper; 90 gsm laser paper; 160 gsm laser 
jet paper; 160 gsm ‘pulp- board’ paper; 260 gsm matt inkjet paper; 106 lb 100% 
cotton, acid free paper calculated to be 224 gsm; 260 gsm gloss, ink jet paper; 
invoice paper with smooth texture and the paper used for the National Fingerprint 
Form. Prints taken on glass plates and slides were immediately photographed, but 
prints collected on transparencies were left to dry completely (2 days at room 
temperature) before photography. Photomicrographs were recorded using a Nikon 
‘Eclipse’ ME600 microscope using a SPOT RT colour camera (Figure 2.1). 
Photographs were taken using 4x objective and 10x eyepiece (40 x magnification) 
and stored as “.tif” files.  
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Figure 2.1. Nikon ‘Eclipse’ ME600 microscope using a SPOT RT colour camera 
2.3.1.2. Inked print pore area estimation 
From all the prints on different types of surfaces, two pores of the right thumb and 
six pores of left index finger, which were centrally located and had marked 
margins, were selected from photomicrographs and analysed using Image Pro 
Plus. In all further investigations, these pores were considered. Detail studied in 
the prints were the pore area and the effect of the substrate. Pores with round 
shape were measured by drawing a circle touching the boundaries of pore. 
Irregularly shaped pores were measured using Method 1 in which the pore area 
was measured by drawing the circle touching at least three sides of the pore 
(Figure 2.2). Area estimates of all irregular pores were made using Method 1. 
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Figure 2.2. Picture showing the measurement method 1 of irregular pore. The dark 
outer irregular circle represents a pore and inner circle shows the area measurement of 
this pore. Measurement was done by drawing the circle so that it touches at least three 
sides of the pore. 
2.3.2. Latent prints 
2.3.2.1. Cyanoacrylate development method 
The hands were made to perspire by wearing latex gloves for approximately 60 
minutes, before depositing a single print of left index finger on the recipient 
surface (Compact discs). The gloves were put on for 60 minutes before every print 
was taken.  
 
Cyanoacrylate fuming chamber was designed having an outlet for fan and hotplate 
power supply for the experiment (Figure 2.3). A fan (ELITE 802) was placed in 
one corner of the chamber to circulate fumes within the chamber. The hotplate 
was kept away from the wall of the chamber beside the fan in the chamber. 200ml 
of water in a 500ml glass beaker was kept on the hotplate for 10 minutes until 
boiling point was reached to provide a humid atmosphere. A small ashtray like 
metallic dish was placed on the hotplate and 3ml of cyanoacrylate was poured into 
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it. The substrates with latent prints were placed vertically inside the fuming 
chamber. The chamber lid was secured and the fan was turned on, allowing 
maximum exposure to the fumes. The substrates were first exposed to fumes for 3 
minutes and then the time of exposure was extended by 2 minutes. The procedure 
was repeated by varying the amount of cyanoacrylate using 6ml and this was 
opted as standard procedure. 
 
Once prints were developed, hotplate was turned off. The lid of the chamber was 
raised and fumes were allowed to completely diffuse before substrates with 
developed latent prints were removed from the chamber and microscopically 
analysed. The prints on compact discs with a black surface revealed very good 
pore detail without further treatment. The compact discs with the developed prints 
were focused under the microscope and visualised with the aid of halogen lamp as 
an external light source. The prints were then photographed using Nikon ‘Eclipse’ 
ME600 microscope with 4x objective and 10× eyepiece (40 x magnification) 
using a SPOT RT colour camera and were stored.  
 
Figure 2.3. Superglue fuming chamber with hot plate and air circulatory fan 
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2.3.2.2. Pore area estimation in prints developed by Cyanoacrylate method 
Seven pores from the central portion of the print with clear and defined margins 
were selected from photomicrographs and area of these pores was estimated 
taking best fit of the pore using Method 2 (Figure 2.4). Pore area was measured 
using Image Pro Plus software.  
 
Figure 2.4. (a) Photomicrograph of print developed using cyanoacrylate at 40x 
magnification (b) Enlarged view showing the measurement method 2 of pore area 
estimation. Measurement was done by drawing boundary (black) around the pore 
(greyish black) using Image Pro Plus 
2.3.2.3. Ninhydrin development method 
Latent prints of left index finger were collected by wearing the gloves for 60 
minutes to promote perspiration, on 240 gsm glossy inkjet paper on different days. 
The gloves were put on for 60 minutes before taking every print. A standard 
Ninhydrin development method (Wertheim, 1997) was followed using a ninhydrin 
solution containing 5g ninhydrin, 75ml ethanol, 25ml ethyl acetate, 3 ml acetic 
acid and 1 litre heptane. Developed prints were photographed using Nikon 
‘Eclipse’ ME 600 microscope at 40x magnification and images captured were 
stored as “.tif” files. 
a b 
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2.3.2.4. Pore area estimation in prints developed by Ninhydrin method 
Five pores from the central portion of the print with defined margins were selected 
from photomicrographs and were analysed using Image Pro Plus software. Pore 
area estimation was done by taking best fit of pore using Method 2. 
2.3.3. Direct microscopic images  
2.3.3.1. Image capturing 
An SMZ-2T Nikon microscope (focused at 20x magnification) with inbuilt white 
light source was coupled with Nikon Coolpix 4500 digital camera using an 
adaptor with the camera set at automatic mode. Once the camera and the 
microscope were set, left index finger was fixed using blu tack and the subject 
asked to relax the hand. The finger was wiped using 95% alcohol and then dried 
before taking each picture. The central area of the finger’s friction ridge skin was 
focused under the microscope. Images were captured on different days to see the 
reproducibility of pore area. These images were then calibrated using a reference 
marker (1 by 1 mm grid) and the 'Spatial Calibration' option in Image Pro Plus.  
2.3.3.2. Pore area estimation in direct microscopic images 
Four pores from the central portion of the friction ridge skin of distal phalanx of 
left index finger, with defined margins were selected in these photomicrographs. 
Area of these pores was estimated taking best fit of the pore using Method 2 with 
the aid of Adobe Photoshop (Figure: 2.5).  
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Figure 2.5. Picture showing the measurement method 2 of pore area estimation in direct 
microscopic images using Adobe Photoshop 
2.3.4. Live Scan images 
2.3.4.1. Image capturing 
The images of right thumb and left index finger were captured at Home Office 
Scientific Development Branch (HOSDB) using L Scan Guardian scanner. These 
images were collected at 500ppi resolution by pressing the finger against the 
platen of the scanner at light, medium and heavy pressure, judged qualitatively. 
Both plain and rolled live scan images were collected. These live images were 
stored as “bitmap” files.  
2.3.4.2. Live Scan image analysis 
Live scan images of right thumb, right index finger and left index finger were 
analysed using Image Pro Plus software as well as Adobe Photoshop. Pore detail 
was studied in these images to see the reproducibility of pore area in live scans.  
b a 
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Chapter 3  
Pore Detail in Inked Prints 
3.1.  Introduction  
Reproducibility of second level detail in reference prints makes them a reliable tool in 
personal identification. The study of reproducibility of pore detail is of key 
importance to their use in reference prints. Uncertainty about the reliability of pore 
size and lack of published data on this means that reproducibility of pore detail in 
reference prints is worthy of further consideration. Work that examines this is 
therefore important.  
 
In the present study, an attempt has been made to examine the reliability of pore size 
as a tool in personal identification using photomicrographic images of inked prints. 
First of all, the best procedure for inked print deposition for revealing clear pore detail 
was investigated by varying the amount of ink, changing the pressure applied during 
print deposition and by trying different tapping methods. Different types of substrates 
were used to deposit the prints and reproducibility of pore area in these prints was 
tested.  
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3.2. Results 
Inked prints were collected by inking the fingers from an evenly coated glass plate 
with black fingerprint ink at medium pressure, using the one tapped procedure as 
described in section 2.3.1.1 in Chapter 2. After the print collection, area of pores was 
measured in all the prints as dealt in section 2.3.1.2 in Chapter 2.  
3.2.1. Results of print collection varying the number of ink drops for 
coating the inking glass plate 
For inked plate development, coating of glass plate was tried with one, two, three and 
four drops of ink to find out the one which produces prints with best pore detail as 
dealt in section 2.3.1.1, Chapter 2. After coating the plate, prints of right thumb were 
deposited on 260 gsm glossy paper at medium pressure using each of the above 
method. Pores A and B were studied in each print. The results of the experiment are 
shown in Figure 3.1. 
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Figure 3.1. Prints of right thumb collected after development of inking glass plate using 
(a) one drop of black fingerprint ink (b) two drops of ink (c) three drops of ink (d) four 
drops of ink 
 
In Figure 3.1(a), print collected after developing the plate with one drop of ink is 
shown. Pores A and B were visible but margins were not clear. In Figure 3.1(b), print 
collected using two drops of ink is shown. Prints deposited using this method revealed 
clear pore detail. Pores A and B were clearly visible with marked margins. In Figure 
3.1(c), print deposited using three drops of ink is shown. The prints were dark and did 
not reveal good pore detail. Pore A was not visible and pore B was visible but 
gooping of ink led to inaccurate pore area estimation. In Figure 3.1(d), print deposited 
using four drops of ink is shown. The prints were very dark with no pore detail. Pores 
A and B were not visible. The results show that the prints deposited using two drops 
of ink revealed better pore detail as compared to the prints deposited using one drop 
where the pore detail was not that clear due to under inking. Pore detail was lost in 
prints deposited using three and four drops of ink due to the problem of over inking. 
A 
B 
b a 
c d 
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3.2.2. Results of print collection at different degrees of pressure 
Print deposition was tried using different degrees of pressure judged subjectively at 
the time of print collection as described in Material and Methods in section 2.3.1.1. 
Prints of left index finger were deposited on 260 gsm glossy paper at low, medium 
and high pressures to obtain best pore detail. Pores C1-C6 were studied in all the 
prints. The results of this experiment are shown in Figure 3.2. 
 Figure 3.2. Typical prints of left index finger deposited at (a) low pressure (b) medium 
pressure (c) high pressure 
 
In Figure 3.2(a), print deposited at low pressure is shown. The print revealed faint 
ridges with unclear pore detail. Pores C1– C6 were visible but with undefined 
margins. In Figure 3.2(b), print deposited at medium pressure is shown. The print 
revealed clear pore detail. Pores C1- C6 were clearly visible with defined margins. In 
Figure 3.2(c), print deposited at high pressure is shown. Pores C1, C3, C4 and C5 
were visible with undefined margins. Pores C2 and C6 were not visible. The ridges 
were widened in the print due to which the inter-ridge distance was reduced. This 
print did not reveal clear pore detail. 
 
a b c 
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The results show that the prints deposited at medium pressure revealed clear pore 
detail for study as compared to prints deposited at low and high pressures at which the 
pore detail is obscured. At high pressure, pressure distortion is the underlying cause 
for loss of pore detail.  
3.2.3. Results of print collection using different tapping procedures 
Different tapping methods were experimented with, for print deposition to get clear 
pore detail as described in Material and Methods in section 2.3.1.1. Prints of the left 
index finger were deposited on 260 gsm glossy paper using 1, 2 and 3 tapped 
methods. Pores C1- C6 were studied in all the prints. Results of the experiment are 
shown in Figure 3.3. 
       
Figure 3.3. Inked prints of left index finger deposited by (a) one tapped procedure 
(b) two tapped procedure (c) three tapped procedure 
 
b c 
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In Figure 3.3(a), print deposited using one tap method is shown. The prints deposited 
by this method revealed clear pore detail. Pores C1- C6 were clearly visible with well 
defined margins. In Figure 3.3(b), print deposited using two tapped method is shown. 
Prints collected showed faint ridges with no pore detail. None of the pores was 
visible. In Figure 3.3(c), print deposited using three tapped method is shown. Prints 
were of very poor quality and revealed no ridge and pore detail. The results show that 
the prints deposited using one tapped procedure were better in revealing clear pore 
detail than those collected using two and three tapped print procedures and 
henceforward one tapped procedure was used for print collection.  
3.2.4. Results of print deposition on different substrates 
Prints were deposited on 12 different substrates to explore which substrate gives best 
pore detail as discussed in Material and Methods in section 2.3.1.1. Prints of right 
thumb and left index finger were collected on each of the substrate. Pores A and B 
were studied in right thumb prints. The results are shown in Figure 3.4. 
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Figure 3.4. Prints of Right thumb. (a) print on glossy paper (b) print on matt paper 
(c) print on transparency. These prints were photomicrographed at 40x magnification as 
described in the methods 
 
In Figure 3.4(a), print deposited on 260 gsm glossy paper is shown. Prints on this 
substrate revealed clear pore detail (pores A and B) with marked margins. In Figure 
3.4(b), print of right thumb collected on matt paper is shown. Pores A and B were not 
visible in the prints on matt paper. In Figure 3.4(c), right thumb print on plastic 
transparency is shown. The print revealed good pore A detail but pore B appeared 
smaller than that in figure 3.4(a).  
 
Pores C1-C6 were studied in prints of left index finger deposited on different paper 
substrates. The results are shown in Figure 3.5. 
A 
B 
b c 
a 
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Figure 3.5. Prints of left index finger (a) print on invoice paper (Unknown Details, but 
has a smooth texture) (b) print on 80gsm, copier laser jet paper (c) print on National 
Fingerprint Form Paper (d) print on 100% cotton, 106LB paper, 224 gsm (e) print on 
160 g/m2 ‘pulp- board’ paper 
 
In Figure 3.5(a), print deposited on invoice paper with smooth surface is shown. Pores 
C1-C6 were clearly visible with well defined margins. In Figure 3.5(b), print 
deposited on 80 gsm paper is shown. This paper gave very less pore detail. None of 
the pore was visible on this paper. In Figure 3.5(c), print on National Fingerprint 
Form is shown. This paper is very good for second level detail but didn’t give good 
pore detail. In Figure 3.5(d), print on 224 gsm paper is shown. All pores appeared on 
this paper except pore C5. In Figure 3.5(e), prints on 160gsm paper are shown. Pore 
detail was not clear on this paper. 
 
e d 
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It has been noticed that transparencies and glass slides (Figure 3.5a and 13c) revealed 
clearer third level detail than non-glossy papers (matt) (Figure 3.5b). Absorbent 
surfaces show fibre distortion resulting in changes in pore shape. There is noticeably 
more fibre distortion in some absorbent papers (Figure 3.5b) than others (Figure 3.5c, 
3.5d and 3.5e). There is no fibre distortion recorded in non-absorbent glossy surfaces 
but this doesn’t prove that glossy surfaces are best. The problem of gooping of ink has 
been recorded on non-absorbent surface, which distorts the shape of pores. This may 
be a factor in the usefulness of features reproduced in these images. 
3.2.5. Results of precision of pore area measurement method 
After the inked prints were collected, area of pores was measured using Image Pro 
Plus software as discussed in section 2.3.1.2, Chapter 2. The data obtained were 
analysed statistically and the reproducibility of pore area was probed. In first stage, 
selected pores were measured 10 times each in the same print on the same substrate at 
the same time, to determine the precision of the measurement method. C1 pore was 
measured ten times in the chosen print on 260gsm glossy paper. Mean surface area 
and %C.V. of pore area were calculated. This was repeated for pores C2 – C5 in the 
same chosen print. The results for first stage of experimental approach are shown in 
Table 3.1. 
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Table 3.1. Mean area and % coefficient of variance (% C.V) of five pores (C1 – C5) 
measured ten times in a print deposited on 260 gsm glossy paper 
Pore Mean Area (µm2) % C.V 
C1 10634.7 0 
C2 5933.2 2.6 
C3 5737.9 4.5 
C4 4154.2 0 
C5 7130.6 3.2 
 
These measurements were taken to determine whether the measurement method 
introduced variability into the data collected. The % coefficient of variance (%C.V) 
measures the variability in the data during a set of individual measurements. 
Calculating the % C.V allows a comparison of the standard deviation to the mean. In 
all cases the % C.V for ten measurements was less than 5% which shows that the 
method employed to determine the size of the pores is within acceptable levels of 
precision. 
3.2.6. Results of pore area reproducibility in prints on same substrate 
In second stage, four different prints of the left index finger were placed onto a 
selected substrate i.e. 160 gsm, hp laser jet paper during a single session to allow the 
same selected pore to be measured in each of the four prints. C1 pore was measured 
10 times in each print deposited onto a single paper type and mean area and %C.V. 
were calculated. The results of the precision of the measurement method when applied 
to a single pore from different prints are shown in Table 3.2. 
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Table 3.2. Summary of mean area measured ten times and % coefficient of variance 
(% C.V) of pore (C1) in four prints deposited on 160 gsm , hp laser jet paper 
Pore Print Mean Area (µm2) % C.V 
C1 1 12081.4 4.3 
C1 2 3830.1 4.4 
C1 3 6702.7 4.1 
C1 4 10111.2 2.7 
 
The results show that the % C.V lies well within the acceptable range showing that 
variations do not arise from the method of measurement. A preliminary examination 
of the actual area measurements in Table 3.2 indicates that there is a large amount of 
discrepancy between the surface area measured in each individual print. The surface 
area varied in four prints between 3830 – 12081 µm2. This variation was found to be 
typical for a number of pores investigated. This step was repeated considering five 
more pores (C2 - C6) to study the reproducibility of pore area on same substrate, the 
results of which are shown in Table 3.3. Mean of the mean area in four prints was 
calculated for pore C1 to obtain %C.V. Similarly %C.V was calculated for pores C2 
to C6. 
 
Table 3.3. Summary of the mean areas (µm2) and % coefficient of variance (% C.V) of 
pores C1 – C6 measured in different prints deposited on 160 gsm, hp laser jet paper  
Print C1 C2 C3 C4 C5 C6 
1 12081.4 8142.2 13459.5 5026.5 4494.8 9917.0 
2 3830.1 9576.9 1951.4 4981.9 4154.2 5982.0 
3 6702.7 4328.6 11309.7 4564.3 4579.9 5493.9 
4 10111.2 4624.6 12722.1 3749.1 5982.0 11309.7 
% C.V 44.7 38.9 54.2 12.9 16.8 35.2 
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The results show that the % C.V is outside the normal levels showing that pore area is 
not reproducible in different prints deposited at the same time on same substrate. 
3.2.7. Results of pore area reproducibility in prints on different 
substrates 
In third stage, the variation of pore area when prints were deposited on different types 
of substrates was investigated. Pore C1was measured ten times in one print on paper 1 
and mean area was calculated. Likewise, pore C1was measured ten times each in 3 
more prints on paper 1 and mean area for each print was calculated. The mean of 
mean area in these four prints was used to obtain %C.V for pore C1 on paper 1. This 
procedure was repeated on nine other different substrates and similarly %C.V was 
calculated for these substrates. The results of third stage are shown in Table 3.4. 
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Table 3.4. Summary of pore C1 measured in impressions deposited on ten different 
types of papers and transparencies, (1) 160 g/m2 ‘pulp- board’ paper (2) 260 gsm matt 
inkjet paper (3) 80 gsm, copier laser jet paper (4) 260 gsm gloss, ink jet paper (5) 160 
gsm, laser jet paper (6) invoice paper with smooth texture (Unknown details) (7) 90 gsm, 
laser paper (8) 106 lb 100% cotton, acid free paper (9) paper used for the National 
Fingerprint Form (10) Transparency sheet 
Substrate Pore Mean of Mean Area (µm2) % C.V of Means 
1 C1 Pore 1610.9 32.3 
2 C1 Pore 7466.8 72.7 
3 C1 Pore 6212.0 35.5 
4 C1 Pore 5694.7 28.2 
5 C1 Pore 8181.4 44.7 
6 C1 Pore 5851.7 30.8 
7 C1 Pore 9348.2 41.4 
8 C1 Pore 7058.9 71.7 
9 C1 Pore 10614.1 80.8 
10 C1 Pore 5206.7 31.4 
 
The results clearly show that the % C.V is outside normal acceptable levels, which 
puts the size of pore in doubt as a reliable tool in personal identification. 
3.3.  Statistical analysis 
Data were further analysed using the statistical software package SPSS, version 12 for 
Windows (SPSS, Chicago, USA). Before analysis, data sets of pore C1 were tested for 
Normality and Homogeneity of Variance using Kolmogorov-Smirnov test (K-S test) 
and Levene’s test respectively, to determine if they met the criteria for ANOVA. K-S 
test verified that the data were normally distributed. Using Levene’s test, the value of 
p>0.05 thus, the assumption of homogeneity was met. One-way analysis of variance 
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(ANOVA) was applied using Log10 of the mean of the area as the dependent variable 
and the results are presented in Table 3.5. The results show that the pore size on 10 
different papers was significantly variable (F9,30= 3.528, P<0.01) and that none of the 
surfaces used, which included the National Fingerprint Forms to collect prints to study 
third level detail, acts as a reliable substrate for the measurement of pore area in inked 
prints. 
 
Table 3.5. Summary of results obtained using ANOVA. Dependent Variable: Log mean 
area. a R Squared = .514 (Adjusted R Squared = .368) 
Source Type III Sum of Squares df Mean Square F Sig. 
Corrected Model 1.626(a) 9 .181 3.528 .004 
Intercept 560.723 1 560.723 10950.787 .000 
paper 1.626 9 .181 3.528 .004 
Error 1.536 30 .051     
Total 563.885 40       
Corrected Total 3.162 39       
3.4. Conclusion 
The experimental results address the question of whether pore area is a reliable tool to 
use in personal identification when using inked reference prints. The study shows that 
1 tapped print deposition with medium pressure from inking glass plate developed 
using 2 drops of black fingerprint ink is the best procedure to collect the inked prints. 
Some substrates are better than others for third level detail study. The results show 
that the system for estimation of surface area in inked prints was subject to little 
variation and so bias cannot be introduced into the data by the surface area 
measurement method. Examination of replicates of individual pores from inked prints 
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deposited onto a single paper surface showed large interprint variation when applied 
to pore surface area measurements with % C.V values well in excess of the 5% level. 
Further examination comparing inked deposition on different papers confirmed earlier 
observations on a single paper.  
 
This research supports the observation of Ashbaugh (1982) that in inked reference 
prints pore area measurements are subject to too high a variability to make them a 
reliable tool in personal identification. It also challenges the observations of Roddy 
and Stosz (1999) that in the best inked prints, pore surface area gives reproducible 
measurements.  
 
It may appear that use of the replicate approach has little validity when an examiner is 
comparing a single scene mark with a single reference print. However, if the pore area 
of the reference print stored in the IDENT1 (the UK police’s national automated 
finger and palm print identification system) or other database is known to be subject 
to high variability then its validity as a tool in personal identification is highly 
questionable. Any such comparisons must, therefore, take cognisance of such 
variation before drawing conclusions as to identity from pore shape measurements. 
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Chapter 4  
Pore Detail in Latent Prints 
4.1. Introduction 
Latent prints found at the crime scene, after the crime is committed form a valuable 
piece of evidence in identifying the criminal. These latent prints are developed using 
different development techniques as discussed in section 1.7. After the prints are 
developed, matching based on first and second level detail is carried out against 
reference prints stored in a database. Level 3 detail is utilised rarely by the latent print 
examiners in fingerprint identification because of their minuteness and insufficient 
data establishing the reliability of these features (Ashbaugh, 1982; Jain et al., 2006). 
Research conducted in the field of poroscopy shows that use of level 3 features 
(relative pore location) in combination with level 1 and 2 detail provides a significant 
discriminatory information which can reduce error rate of matching system by 20% 
(Jain et al., 2006).  
 
Work presented here focuses on a closer examination of pore detail in latent prints to 
verify whether pore area is reproducible, using different methods of development. In 
this study, latent prints were developed using cyanoacrylate on non-absorbent surface 
and ninhydrin on absorbent surface. 
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4.2. Cyanoacrylate method 
After allowing hands to perspire for about 60 minutes, latent prints were deposited on 
the compact discs as described in section 2.3.2.1. The developed prints were 
examined and selected pores (see below) were measured using Image Pro Plus as 
described in section 2.3.2.2. Data collected were analysed statistically. 
4.2.1. Results of print development by varying the amount of 
cyanoacrylate  
The results obtained using 1 tube and 2 tubes of cyanoacrylate to develop latent prints 
are shown in Figure 4.1(a-c) respectively. Pores 1 – 7 were utilised for further study.  
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1. Representative exemplar of latent prints of left index finger developed using 
(a) one tube of cyanoacrylate with exposure time of 3 minutes (b) one tube of 
cyanoacrylate with 5 minutes of fume exposure (c) two tubes of cyanoacrylate with 3 
minutes of fume exposure time.  
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The prints developed using one tube of cyanoacrylate are shown in Figure: 4.1(a) and 
(b). The prints were faint after being exposed to fumes for 3 minutes as can be seen in 
Figure 4(a). An attempt was made to see if desirable detail can be obtained by 
extending the exposure time to 5 minutes. However, it was noticed that the pore detail 
was still not clear (Figure 4b). On the other hand, prints developed using two tubes of 
cyanoacrylate revealed clear pore detail. Pores 1-7 are clearly visible with well 
defined margins in the prints as shown in Figure: 4.1(c).  
4.2.2. Results of precision of pore area measurement Method 2 
Fifty latent prints were developed using 2 tubes of cyanoacrylate and pore area was 
measured in these prints using measurement method 2 as discussed in section 2.3.2.2. 
The data were analysed statistically to investigate the reproducibility of pore area in 
latent prints. Prints showing selected pores are presented in Figure: 4.2.  
 
Figure 4.2. Exemplar prints of left index finger showing pores 1-7 developed using 
cyanoacrylate 
 
Firstly, each selected pore was measured ten times in the same print to determine 
whether the measurement method is precise. Area of pore 1 was measured ten times 
repeatedly in the same chosen print and mean of the area was calculated to obtain the 
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%C.V. This was repeated for pores 2-7 in the same chosen print and mean area and 
%C.V were calculated. The results of the experiment are shown in Table: 4.1.  
 
Table 4.1. Mean area, standard deviation (St. dev) and % coefficient of variance 
(% C.V) of seven pores, each pore measured ten times in same print 
 
Pore 
 
Mean Area (µm2) 
 
St. dev 
 
% C.V 
1 9716.5 191.5 1.9 
2 7778.5 126.6 1.6 
3 7595.8 92.0 1.2 
4 2123.0 82.6 3.9 
5 6500.5 188.7 2.9 
6 5203.3 121.2 2.3 
7 7225.4 192.9 2.7 
 
It was noted that in all cases the % C.V for ten measurements was less than 5% which 
shows that the method employed to determine the size of the pores is precise. 
4.2.3. Results of pore area reproducibility in latent prints developed 
using cyanoacrylate 
Pore area reproducibility was scrutinized by measuring each of the seven selected 
pores (Figure: 4.2a) in fifty developed latent prints of the left index finger. Pore 1 was 
measured in each of the fifty prints and mean area was calculated to obtain %C.V. 
Similarly, mean and %C.V were calculated for pores 2-7. The results are shown in 
Table 4.2. 
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Table 4.2. Summary of mean pore area (µm2), standard deviation and % coefficient of 
variance (% C.V) of seven pores measured in 50 prints of left index finger developed 
using cyanoacrylate method 
Pore Mean Area (µm2) St. dev. % C.V of Mean 
1 5262.2 3279.2 62.3 
2 5071.6 2360.1 46.5 
3 5811.9 2235.4 38.5 
4 3725.2 1719.4 46.1 
5 4793.6 2620.2 54.7 
6 3817.5 1595.7 41.8 
7 5254.8 2681.3 51.0 
 
The results in Table 4.2 clearly show that the % C.V is over the normal acceptable 
level, establishing that pore area is not reproducible in different prints of same digit, 
on same substrate developed using cyanoacrylate. 
4.3. Ninhydrin method  
Latent prints of the left index finger deposited on 240 gsm glossy inkjet paper after 
perspiring the hand for around 60 minutes were developed using the ninhydrin 
development method as described in section 2.3.2.3. Prints developed using this 
technique are shown in Figure 4.3. Pores that revealed clear and measurable detail in 
all the prints around the core area were selected and were numbered 1- 5 as shown in 
Figure 4.3(a). Image Pro plus software was used to measure the area of pores in the 
developed prints.  
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Figure 4.3. Prints of left index finger developed using ninhydrin development method on 
240 gsm glossy inkjet paper showing pores 1- 5 
4.3.1. Results of pore area reproducibility in latent prints developed 
using ninhydrin 
Ten prints of left index finger were developed and the reproducibility of pore area was 
studied in prints developed using ninhydrin method, each pore was measured once in 
each of the ten prints. Pore 1 was measured once in all the ten prints giving ten area 
readings and mean area was calculated to determine the %C.V. Similarly, mean area 
and %C.V were calculated for pores 2- 5. The results of the experiment are shown in 
Table 4.3. 
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Table 4.3. Summary of mean pore area, standard deviation and % coefficient of 
variance (% C.V) of five pores measured in 10 prints of left index finger developed using 
ninhydrin method 
Pore Mean Area (µm2) St. dev. % C.V of Mean 
1 5489.5 2340.7 42.6 
2 5585.8 2610.4 46.7 
3 5736.2 3080.8 53.7 
4 7063.1 5790.9 81.9 
5 7801.9 3972.4 50.9 
 
The results show that the %C.V lies over and above the acceptable limit of 5%. This 
clearly indicates that the pore area is not reproducible in different prints developed 
using ninhydrin on same substrate. 
4.4. Conclusion 
The aim of the study was to gather data on the reproducibility of pore area in latent 
prints and to assess its possible use in fingerprint comparison. The reliability of pore 
area was studied in latent prints developed using cyanoacrylate and ninhydrin. 
 
Latent prints developed using two tubes (6ml) of cyanoacrylate revealed clear and 
measurable pore detail. Also, no additional post-development print enhancement 
method was needed as there was contrast between the developed prints and the 
substrate on which latent prints were developed. Ashbaugh indicated in his work on 
poroscopy that powder fill in of pores is one of the factors which effect the structure 
of pores and sometimes even makes detection of pores difficult. In the present study, 
the elimination of post-development enhancement has avoided the chance of filling of 
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pores with the enhancement powder which accounts for one of the factors responsible 
for non- reproducibility of pore area in latent prints (Ashbaugh, 1982).  
 
The method applied for intra-print pore area measurement was precise. However there 
is considerable inter-print variation in pore area of prints developed using either 
technique, with %C.V lying above the acceptable limit. This establishes that pore area 
is not reproducible in different prints developed by same development procedure on 
same substrate.  
 
Our observations support the findings of Ashbaugh (1982) that pore area is not 
reproducible in latent prints. Roddy and Stosz (1997) also concluded from their study 
that the pore size and shape are variable in latent prints and the detection of pores 
depends on the type of method applied for latent print development. This raises doubt 
on the reliability of pore area in latent prints developed using cyanoacrylate or 
ninhydrin, as a tool in personal identification. 
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Chapter 5  
Pore Detail in Direct Microscopic Images and 
Live Scans 
5.1. Introduction 
Electronic live scan digital images are replacing the traditional inked fingerprints as 
reference prints. Live scan images are captured at 500ppi which is adequate to extract 
first and second level detail. The authentication of these details as a tool for personal 
identification has already been established. In the present study, reproducibility of 
third level detail (pore area) in direct microscopic images and live scans has been 
addressed, to see if they can be included as an extended feature set in reference prints. 
As far as I am aware, no prior research has compared reference inter-image variation 
of pore area in direct microscopic images. The present study investigated ways of 
capturing live images using microscope and inter-image variability has been explored. 
5.2. Direct microscopic images 
Images of left index finger were captured randomly using camera coupled with 
microscope on five different days irrespective of physical and biological state of 
subject and environmental factors (temperature, humidity, time of the day etc.). Pore 
area was measured in these images using Adobe Photoshop as dealt with in section 
2.3.3.  
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One hundred images of the left index finger were captured and four pores (1 - 4) were 
chosen for measurement in these images (see Figure 5.1 (a-e) for example images). 
The data obtained were analysed statistically to study the reproducibility of pore area 
in direct microscopic images.  
 
Figure 5.1. Exemplar of Direct Images of left index finger (a) image showing pores 1-4 
on day 1 (b) image captured on day 15 (c) image captured on day 30 (d) image on day 33 
(e) image on day 34 
5.2.1. Results of pore area reproducibility in direct microscopic 
images 
Reproducibility of pore area in direct microscopic images was studied by measuring 
each of the four selected pores in 100 images captured over a period of five days. 
Twenty images were taken on each day in one instance and pore detail was studied.  
 
1 
2 
3 
4 
a b 
c d e 
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Firstly, reproducibility of pore area was studied in direct microscopic images captured 
on same day. Area of pore 1 was measured in each of the 20 images captured on day 1 
and mean of the pore area was calculated to find out the %C.V. Similarly, the %C.V 
was calculated for area of pore 1 on day 15, 30, 33 and 34. Results of the study are 
shown in Table 5.1. 
 
Table 5.1. Summary of mean area and % coefficient of variance (% C.V) of pore 1 
measured in twenty images each on five different days 
 
 
 
Mean Area (µm2) 
 
St. dev 
 
% C.V 
Day 1 62261.9 2592.2 4.2 
Day 15 42107.9 2190.5 5.2 
Day 30 58966.7 2402.7 4.1 
Day 33 68796.5 2129.3 3.1 
Day 34 68946.3 2414.5 3.5 
 
Analysis of data revealed that the pore area measured in images captured on day 1 
varied between 56418.0µmsq and 66498.6µmsq with %C.V of 4.2%. The results 
show that %C.V for pore area estimated in images taken on day 15 is 5.2%, on day 30 
it is 4.1%, on day 33 it is 3.1% and on day 34 it is 3.5%. 
 
In the same manner, data were collected for pores 2- 4 on day 1, day 15, day 30, day 
33 and day 34 and mean of area and %C.V were calculated. The results of mean area 
of pores 1-4 on different days are shown in Table 5.2. 
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Table 5.2. Summary of mean area of pores (1- 4) measured in twenty images each on five 
different days 
 Pore 1 Pore 2 Pore 3 Pore 4 
Day 1 62261.9 58140.5 49100.1 54426.9 
Day 15 42107.9 40947.7 28911.6 40268.9 
Day 30 58966.7 53183.5 48956.3 67214.3 
Day 33 68796.5 45989.1 48823.1 67549.5 
Day 34 68946.3 58214.2 70945.8 76097.8 
 
The results show that %C.V varies between 4.0% and 6.4% in case of pore 2. The 
value of %C.V varies between 2.9% and 4.8% in case of pore 3 and 2.5% and 6.2% in 
case of pore 4. Taking into account the value of %C.V which is nearer to the 
acceptable limit i.e. 5%, it can be established that pore area is reproducible to some 
extent in direct images captured at one time on same day. 
 
Secondly, reproducibility of pore area was studied in images captured on different 
days. Mean of mean areas obtained on five different days for pore 1 was calculated to 
determine %C.V. This was repeated for pores 2-4. Results are shown in Table 5.3. 
 
Table 5.3. Summary of mean of mean areas (µm2) and % coefficient of variance (% C.V) 
of pores (1 – 4) measured in 100 images captured on five different days  
 
Pore 
 
Mean of Mean Area (µm2) 
 
St. dev 
 
% C.V 
1 60215.9 10148.0 16.8 
2 51295.0 7290.8 14.2 
3 49347.4 13496.0 27.3 
4 61111.5 12843.8 21.0 
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The results show that %C.V is 16.8% in case of pore 1, 14.2% in case of pore 2, 
27.3% in case of pore 3 and 21% in case of pore 4. So the %C.V lies over and above 
the acceptable limits indicating that pore area is not reproducible in different direct 
microscopic images captured on different days. 
5.2.2. Statistical analysis  
Data obtained were further analysed using the statistical software package SPSS, 
version 12 for Windows (SPSS, Chicago, USA). Before analysis, Kolmogorov-
Smirnov test (K-S test) for Normality and Levene’s test for Homogeneity of Variance 
were applied to the data sets of pore 1, to determine if they met the criteria for one-
way analysis of variance (ANOVA). K-S test shows that the data were normally 
distributed. Using Levene’s test, the value of p>0.05 thus, the assumption of 
homogeneity was met. ANOVA was applied using ‘area’ as the dependent variable 
and the results are presented in Table 5.4. The results show that the pore area on 5 
different days was significantly variable (F4, 95= 437.086, P<0.001).  
 
Table 5.4. Summary of the results obtained using ANOVA. Tests of Between-Subjects 
Effects. Dependent Variable: Area. R Squared = .948 (Adjusted R Squared = .946) 
Source 
Type III Sum of 
Squares Df Mean Square F Sig. 
Corrected Model 9669864055.018(a) 4 2417466013.754 437.086 .000 
Intercept 362595077977.994 1 362595077977.994 65558.419 .000 
Days 9669864055.018 4 2417466013.754 437.086 .000 
Error 525432628.894 95 5530869.778     
Total 372790374661.906 100       
Corrected Total 10195296683.912 99       
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5.3. Live scans 
Live scan images of the right thumb, right index finger and left index finger were 
captured using L Scan Guardian scanner and analysed using Image Pro Plus software 
and Adobe Photoshop as discussed in section 2.3.4, Chapter 2. Images were captured 
at low, medium and high pressure judged qualitatively and results are shown in Figure 
5.2(a-c). 
 
Figure 5.2. Results of live images of right index finger at (a) low pressure (b) medium 
pressure (c) high pressure 
 
Figure 5.2(a) represents live scan image captured by pressing right index finger 
against scanner platen with low pressure. Figures 5.2(b) and 5.2(c) represent images 
captured applying medium and high pressure respectively. It was noticed that pores 
were easily detectable in images deposited when low or medium pressure was applied 
as compared to the ones captured using high pressure. 
 
The pores although detectable in images captured using low and medium pressure, 
were not measurable using Image Pro Plus. Pore area measurement was also tried 
using Adobe Photoshop but pores were still not measurable (Figure 5.3). So 
estimation of pore area could not be done accurately.  
c b a 
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Figure 5.3. (a) Livescan at medium pressure (b) Enlarged view in Adobe Photoshop 
showing that pores are not measurable 
5.4. Conclusion 
The reliability of pore area as a tool in personal identification when using direct 
microscopic images and live scan images at 500 ppi as reference prints, was studied in 
this experiment. To avoid the variation in data due to the pore area measurement 
method, the precision of the measurement method was looked into and it was found 
that the method was precise with %C.V within acceptable limit. Little variation in 
pore area was noted when pores were examined in direct microscopic images captured 
in one instance on same day with %C.V lying within acceptable limit in all cases. 
Further study of pore area measured in direct images taken on different days revealed 
variation and high %C.V value which is well in excess of 5%, putting in doubt the 
reliability of pore area in direct microscopic images as the means of personal 
identification. The reproducibility of pore area could not be studied in live scanned 
images because of difficulty in extracting the pore detail at 500ppi. As can be seen in 
Figure 5.3(b), at 500 ppi, the area occupied by pore is between 1 and 4 pixels, with no 
obvious marked boundaries. The amount of information is simply too sparse to give 
accurate pore area measurement for fingerprint matching purposes. 
a b 
Pore 
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Capturing of direct microscopic images was an attempt to avoid any possible factor 
which may affect the pore size like substrate effect, over or under inking, smudging 
and smearing of ink, pressure distortion, development method etc. Despite avoiding 
these factors, pore area reproducibility could not be established in direct microscopic 
images. But it has been found that direct microscopic images are reliable way for pore 
detection. Observations made in case of live scanned images at 500 ppi are in 
accordance with those of Jain et al., (2006). In his paper, he stated “500 pixels per 
inch (ppi), which is inadequate to capture Level 3 features, such as pores”. He 
suggested that the resolution should be extended from 500 to 1000ppi in order to 
capture measurable pore detail. This study suggests that pore area in direct 
microscopic images is subject to too great a variation to be relied upon for making 
personal identification. 
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Chapter 6  
General Discussion 
Most of the detailed discussion has been put forward in previous chapters. This 
chapter will deal with some more issues related to poroscopy. Some possible 
experiments will be outlined in this chapter which can provide better understanding of 
science of poroscopy and the extent to which it can be employed in personal 
identification.  
 
The main focus of this research was on the analysis of pore features in inked and 
latent prints, as well as direct microscopic images and livescans using different 
techniques. Pore area reproducibility was studied by measuring the area of pores 
repeatedly in different prints and on different substrates. In Chapter 3, reproducibility 
of pore area was checked in inked prints and the results showed that the pore area is 
not reproducible in different inked prints collected in controlled conditions. The study 
also showed that variability was even higher in prints deposited on different 
substrates. The value of p=0.004 derived after statistical analysis is below the 0.01 
level signifying that none of the substrates used to deposit the prints gave consistent 
pore area measurements, concluding that the reproducibility of pore area cannot be 
established on any substrate. Initial attempt by Ashbaugh also suggested that pore area 
is variable in inked prints, which is in accordance with our findings (Ashbaugh, 
1982). Ashbaugh commented on pore reproducibility but he didn’t come forward with 
any data supporting his findings.  
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Given the results observed for inked reference prints, one may think that it is 
irrelevant to pursue the study of pore area in latent prints, direct microscopic images 
and live scans. But the present study was extended to latent prints, direct microscopic 
images and live scans because: 
 
1. Latent prints are one of the most commonly encountered fingermarks recovered 
from crime scene and present study would have been incomplete without 
consideration of latent prints.  
 
2. To confirm the results obtained in inked prints in present study. 
 
3. The possible causes mentioned by Ashbaugh (1982) which could lead to non-
reproducibility of pore area have been further minimised in latent fingermarks.  
 
4. In direct microscopic images, we have made an attempt to capture images of 
friction ridge skin without any kind of distortion factors. 
 
5. Although it was established that pore detail can be studied in live scans at extended 
resolution of 1000ppi (Stosz and Alyea, 1994; Roody and Stosz, 1997; Krzysztof 
2004; Jain et al., 2006), it has been proposed by Ray et al., 2005 that pores can be 
extracted in live scans at 500ppi by applying algorithm of modified minimum square 
error approach to the images. In the present work, study of pore size reproducibility in 
Live scans at 500ppi is an attempt made to explore if pore area is detectable and 
measurable in scans at 500ppi. 
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The experimental results in case of latent prints also addressed the question on the 
reliability of pore area in personal identification. Latent prints developed using 
cyanoacrylate and ninhydrin methods showed large inter-print variation.  
 
Ashbaugh (1982) mentioned possible causes behind the variability of pore area, such 
as pressure distortion during print deposition, lack of adequate visual aids to examine 
pore structure, filling in of pores with powders and uneven inking of finger in 
reference prints. He discussed measures that can be taken to minimise these factors. In 
the present study, such possible causes were avoided by means of experimental 
design. We will be discussing these in the following section one by one.  
 
1. Uneven inking of ridged skin is one factor that can lead to inaccurate pore area 
estimation. This can be prevented by using evenly spread inking plates or pre-inked 
strips and applying uniform pressure at the time of inking the finger. In the present 
study, uneven inking of the glass plate was minimised by experimenting with the 
amount of ink required to coat inking plate and the pressure when applying ink to 
surfaces, judged qualitatively. Our results are in agreement with Roddy and Stosz in 
concluding that detection of pores can be affected in inked prints if too much ink is 
used. 
 
2. Efforts were made to eliminate pressure distortion while collecting inked prints by 
depositing the prints at medium pressure which did reveal good pore detail but failed 
to make pore area a reproducible measure. 
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3. Powder filling of pores while developing latent prints, has been avoided by 
selecting non-powder based development agents.  
 
4. Microscopes coupled with computer and with specially inbuilt software were used 
to capture photomicrographs and to take measurements to avoid missing of pore 
detail. Despite all these efforts pore area was not consistent which accounts as a proof 
of non-reproducibility of pore area. 
 
Capturing of direct microscopic images by coupling a digital camera to a microscope, 
removes pressure distortion effect, a method that has not been previously reported. 
Pore area reproducibility was studied in these images and on statistical analysis, the 
value of p=0.000 which is less than significance level of 0.01, indicating that there is 
highly significant inter-print variation of pore area. The results showed that direct 
microscopic images give best size estimate. Initial attempts by Roddy and Stosz 
(1997) to study the detection, size and shape of pores in latent, inked and live scan 
prints concluded that pore size can be best estimated in inked prints. We challenge 
their conclusion, as already discussed, pore area is not reproducible even in these 
images.  
 
According to Jain et al., (2006), resolution of 500ppi is not enough to extract third 
level detail and our study is in agreement with their study. In the present study, 
livescan images were captured using L-Scan. Very little measurable pore detail was 
observable. Our study supports extensive discussions that pore detail is not clear at 
500ppi. It has been proposed to increase the scanning resolution to 1200 ppi to 
improve extraction of pore detail (NIST fingerprint data interchange workshop, 1998) 
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While measuring the pores, it was found that some pores measured more than 220 
micrometers in diameter which is not in accordance with the findings of Locard 
(1912) and Bindra et al., (2000). They came up with results that the size of pores 
varies between 88-220 micrometers. Our study has found that pore size can be up to 
265 micrometers. 
 
Most of the factors mentioned by Ashbaugh (1982) which could cause the non-
reproducibility of pores has been considered and rectified in the present study but 
there are some unavoidable factors which have been discussed in section 1.5 under 
poroscopy. These factors cannot be controlled and are held responsible for the 
variability in pore area. These biological and environmental factors make pore area an 
unreliable feature to be included for personal identification (Czarnecki, 1995).  
 
Establishing that pore area is non-reproducible, confirms the findings of Ashbaugh 
(1982). By establishing non-reproducibility of pore area with statistical data, we have 
excluded use of pore area as an extended set feature in personal identification. Further 
research in the field of fingerprint science needs to be focussed on other third level 
features like dots, incipient ridges and scars. 
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Future work  
This study covered a broad range of issues, many of which merit further investigation. 
Listed below are some recommendations for further investigation. 
 
1. The preparation and application of lattice structure software in fingerprint 
identification system, that considers the automation of pore relative 
position. This technology will reduce the chances of false identification. 
2. The understanding on poroscopy should be extended to find if it can help 
to find ethnic origin. It should be studied that people from tropical regions 
have different pore frequency than people of non-tropical regions. 
3. Research should be conducted to find out the minimum resolution required 
for capturing images revealing good pore detail and reliability of pore 
features in personal identification should be proved statistically so that 
these can be introduced in existing matching system. 
 
No doubt poroscopy has its limitations and requires a great deal of study and 
expertise, but it has proved its potential where existing system based on second 
level ridge detail couldn’t prove the identity. With the increased interest amongst 
researchers, those days are not far when the field of poroscopy will flourish and 
will prove itself. 
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Appendix 1
ANOVA for Inked prints
NPar Tests
One-Sample Kolmogorov-Smirnov Test
4 4 4 4
3.1846 3.7883 3.7710 3.7416
.17222 .31474 .16383 .12872
.396 .177 .246 .210
.236 .177 .167 .154
-.396 -.144 -.246 -.210
.792 .354 .491 .420
.558 1.000 .969 .995
N
Mean
Std. Deviation
Normal Parametersa,b
Absolute
Positive
Negative
Most Extreme
Differences
Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)
logarea1 logarea2 logarea3 logarea4
One-Sample Kolmogorov-Smirnov Test
4 4 4 4
3.8741 3.7483 3.9429 3.7640
.22155 .15616 .17907 .31792
.222 .334 .267 .197
.174 .201 .267 .197
-.222 -.334 -.186 -.192
.445 .669 .534 .394
.989 .762 .938 .998
N
Mean
Std. Deviation
Normal Parametersa,b
Absolute
Positive
Negative
Most Extreme
Differences
Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)
logarea5 logarea6 logarea7 logarea8
One-Sample Kolmogorov-Smirnov Test
4 4
3.9237 3.7023
.34308 .12490
.192 .253
.192 .253
-.149 -.230
.384 .506
.998 .960
N
Mean
Std. Deviation
Normal Parametersa,b
Absolute
Positive
Negative
Most Extreme
Differences
Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)
logarea9 logarea10
Test distribution is Normal.a. 
Calculated from data.b. 
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Univariate Analysis of Variance
Between-Subjects Factors
4
4
4
4
4
4
4
4
4
4
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
paper
N
Descriptive Statistics
Dependent Variable: logarea
3.1846 .17222 4
3.7883 .31474 4
3.7710 .16383 4
3.7416 .12872 4
3.8741 .22155 4
3.7483 .15616 4
3.9429 .17907 4
3.7640 .31792 4
3.9237 .34308 4
3.7023 .12490 4
3.7441 .28474 40
paper
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
Total
Mean Std. Deviation N
Levene's Test of Equality of Error Variancesa
Dependent Variable: logarea
.827 9 30 .597
F df1 df2 Sig.
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
Design: Intercept+papera. 
Tests of Between-Subjects Effects
Dependent Variable: logarea
1.626a 9 .181 3.528 .004
560.723 1 560.723 10950.787 .000
1.626 9 .181 3.528 .004
1.536 30 .051
563.885 40
3.162 39
Source
Corrected Model
Intercept
paper
Error
Total
Corrected Total
Type III Sum
of Squares df Mean Square F Sig.
R Squared = .514 (Adjusted R Squared = .368)a. 
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Estimated Marginal Means
paper
Dependent Variable: logarea
3.185 .113 2.954 3.416
3.788 .113 3.557 4.019
3.771 .113 3.540 4.002
3.742 .113 3.511 3.973
3.874 .113 3.643 4.105
3.748 .113 3.517 3.979
3.943 .113 3.712 4.174
3.764 .113 3.533 3.995
3.924 .113 3.693 4.155
3.702 .113 3.471 3.933
paper
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
Post Hoc Tests
paper
Multiple Comparisons
Dependent Variable: logarea
-.6036* .16001 .021 -1.1494 -.0578
-.5863* .16001 .028 -1.1321 -.0405
-.5570* .16001 .043 -1.1028 -.0112
-.6894* .16001 .005 -1.2353 -.1436
-.5636* .16001 .039 -1.1095 -.0178
-.7582* .16001 .002 -1.3040 -.2124
-.5794* .16001 .031 -1.1252 -.0335
-.7390* .16001 .002 -1.2848 -.1932
-.5176 .16001 .074 -1.0634 .0282
.6036* .16001 .021 .0578 1.1494
.0173 .16001 1.000 -.5285 .5631
.0466 .16001 1.000 -.4992 .5924
-.0858 .16001 1.000 -.6316 .4600
.0400 .16001 1.000 -.5058 .5858
-.1546 .16001 .992 -.7004 .3912
.0243 .16001 1.000 -.5216 .5701
-.1354 .16001 .997 -.6812 .4104
.0860 .16001 1.000 -.4598 .6318
.5863* .16001 .028 .0405 1.1321
-.0173 .16001 1.000 -.5631 .5285
.0293 .16001 1.000 -.5165 .5751
-.1031 .16001 1.000 -.6489 .4427
.0227 .16001 1.000 -.5231 .5685
-.1719 .16001 .984 -.7177 .3739
.0070 .16001 1.000 -.5389 .5528
-.1527 .16001 .993 -.6985 .3931
.0687 .16001 1.000 -.4771 .6145
(J) paper
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
1.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
1.00
2.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
(I) paper
1.00
2.00
3.00
Tukey HSD
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
Based on observed means.
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Multiple Comparisons
Dependent Variable: logarea
.5570* .16001 .043 .0112 1.1028
-.0466 .16001 1.000 -.5924 .4992
-.0293 .16001 1.000 -.5751 .5165
-.1324 .16001 .997 -.6783 .4134
-.0066 .16001 1.000 -.5525 .5392
-.2012 .16001 .956 -.7470 .3446
-.0224 .16001 1.000 -.5682 .5235
-.1820 .16001 .976 -.7278 .3638
.0394 .16001 1.000 -.5064 .5852
.6894* .16001 .005 .1436 1.2353
.0858 .16001 1.000 -.4600 .6316
.1031 .16001 1.000 -.4427 .6489
.1324 .16001 .997 -.4134 .6783
.1258 .16001 .998 -.4200 .6716
-.0688 .16001 1.000 -.6146 .4770
.1101 .16001 .999 -.4357 .6559
-.0496 .16001 1.000 -.5954 .4962
.1718 .16001 .984 -.3740 .7176
.5636* .16001 .039 .0178 1.1095
-.0400 .16001 1.000 -.5858 .5058
-.0227 .16001 1.000 -.5685 .5231
.0066 .16001 1.000 -.5392 .5525
-.1258 .16001 .998 -.6716 .4200
-.1946 .16001 .964 -.7404 .3512
-.0157 .16001 1.000 -.5615 .5301
-.1754 .16001 .981 -.7212 .3704
.0460 .16001 1.000 -.4998 .5918
.7582* .16001 .002 .2124 1.3040
.1546 .16001 .992 -.3912 .7004
.1719 .16001 .984 -.3739 .7177
.2012 .16001 .956 -.3446 .7470
.0688 .16001 1.000 -.4770 .6146
.1946 .16001 .964 -.3512 .7404
.1789 .16001 .979 -.3670 .7247
.0192 .16001 1.000 -.5266 .5650
.2406 .16001 .880 -.3052 .7864
.5794* .16001 .031 .0335 1.1252
-.0243 .16001 1.000 -.5701 .5216
-.0070 .16001 1.000 -.5528 .5389
.0224 .16001 1.000 -.5235 .5682
-.1101 .16001 .999 -.6559 .4357
.0157 .16001 1.000 -.5301 .5615
-.1789 .16001 .979 -.7247 .3670
-.1597 .16001 .990 -.7055 .3861
.0617 .16001 1.000 -.4841 .6076
(J) paper
1.00
2.00
3.00
5.00
6.00
7.00
8.00
9.00
10.00
1.00
2.00
3.00
4.00
6.00
7.00
8.00
9.00
10.00
1.00
2.00
3.00
4.00
5.00
7.00
8.00
9.00
10.00
1.00
2.00
3.00
4.00
5.00
6.00
8.00
9.00
10.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
9.00
10.00
(I) paper
4.00
5.00
6.00
7.00
8.00
Tukey HSD
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
Based on observed means.
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Multiple Comparisons
Dependent Variable: logarea
.7390* .16001 .002 .1932 1.2848
.1354 .16001 .997 -.4104 .6812
.1527 .16001 .993 -.3931 .6985
.1820 .16001 .976 -.3638 .7278
.0496 .16001 1.000 -.4962 .5954
.1754 .16001 .981 -.3704 .7212
-.0192 .16001 1.000 -.5650 .5266
.1597 .16001 .990 -.3861 .7055
.2214 .16001 .923 -.3244 .7672
.5176 .16001 .074 -.0282 1.0634
-.0860 .16001 1.000 -.6318 .4598
-.0687 .16001 1.000 -.6145 .4771
-.0394 .16001 1.000 -.5852 .5064
-.1718 .16001 .984 -.7176 .3740
-.0460 .16001 1.000 -.5918 .4998
-.2406 .16001 .880 -.7864 .3052
-.0617 .16001 1.000 -.6076 .4841
-.2214 .16001 .923 -.7672 .3244
-.6036 .17939 .639 -1.8818 .6746
-.5863 .11885 .112 -1.2782 .1056
-.5570 .10751 .110 -1.2170 .1030
-.6894 .14031 .132 -1.5394 .1605
-.5636 .11624 .124 -1.2436 .1163
-.7582* .12422 .039 -1.4809 -.0355
-.5794 .18078 .704 -1.8747 .7159
-.7390 .19194 .497 -2.1744 .6964
-.5176 .10637 .150 -1.1780 .1428
.6036 .17939 .639 -.6746 1.8818
.0173 .17741 1.000 -1.2826 1.3172
.0466 .17002 1.000 -1.3779 1.4711
-.0858 .19245 1.000 -1.2951 1.1234
.0400 .17568 1.000 -1.2825 1.3625
-.1546 .18106 1.000 -1.4173 1.1081
.0243 .22368 1.000 -1.2759 1.3244
-.1354 .23279 1.000 -1.4951 1.2243
.0860 .16931 1.000 -1.3553 1.5273
.5863 .11885 .112 -.1056 1.2782
-.0173 .17741 1.000 -1.3172 1.2826
.0293 .10417 1.000 -.5996 .6583
-.1031 .13777 1.000 -.9522 .7460
.0227 .11316 1.000 -.6361 .6814
-.1719 .12135 1.000 -.8809 .5371
.0070 .17882 1.000 -1.3107 1.3246
-.1527 .19009 1.000 -1.6150 1.3096
.0687 .10300 1.000 -.5593 .6967
(J) paper
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
10.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
1.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
1.00
2.00
4.00
5.00
6.00
7.00
8.00
9.00
10.00
(I) paper
9.00
10.00
1.00
2.00
3.00
Tukey HSD
Tamhane
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
Based on observed means.
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Multiple Comparisons
Dependent Variable: logarea
.5570 .10751 .110 -.1030 1.2170
-.0466 .17002 1.000 -1.4711 1.3779
-.0293 .10417 1.000 -.6583 .5996
-.1324 .12812 1.000 -1.0159 .7510
-.0066 .10119 1.000 -.6095 .5962
-.2012 .11027 .997 -.8882 .4858
-.0224 .17149 1.000 -1.4669 1.4222
-.1820 .18321 1.000 -1.7870 1.4229
.0394 .08968 1.000 -.4821 .5609
.6894 .14031 .132 -.1605 1.5394
.0858 .19245 1.000 -1.1234 1.2951
.1031 .13777 1.000 -.7460 .9522
.1324 .12812 1.000 -.7510 1.0159
.1258 .13553 1.000 -.7253 .9769
-.0688 .14243 1.000 -.9217 .7842
.1101 .19375 1.000 -1.1125 1.3327
-.0496 .20420 1.000 -1.3834 1.2843
.1718 .12717 1.000 -.7195 1.0631
.5636 .11624 .124 -.1163 1.2436
-.0400 .17568 1.000 -1.3625 1.2825
-.0227 .11316 1.000 -.6814 .6361
.0066 .10119 1.000 -.5962 .6095
-.1258 .13553 1.000 -.9769 .7253
-.1946 .11880 .999 -.8937 .5046
-.0157 .17710 1.000 -1.3565 1.3251
-.1754 .18847 1.000 -1.6648 1.3140
.0460 .09998 1.000 -.5544 .6465
.7582* .12422 .039 .0355 1.4809
.1546 .18106 1.000 -1.1081 1.4173
.1719 .12135 1.000 -.5371 .8809
.2012 .11027 .997 -.4858 .8882
.0688 .14243 1.000 -.7842 .9217
.1946 .11880 .999 -.5046 .8937
.1789 .18244 1.000 -1.1005 1.4582
.0192 .19350 1.000 -1.3964 1.4348
.2406 .10916 .970 -.4480 .9292
.5794 .18078 .704 -.7159 1.8747
-.0243 .22368 1.000 -1.3244 1.2759
-.0070 .17882 1.000 -1.3246 1.3107
.0224 .17149 1.000 -1.4222 1.4669
-.1101 .19375 1.000 -1.3327 1.1125
.0157 .17710 1.000 -1.3251 1.3565
-.1789 .18244 1.000 -1.4582 1.1005
-.1597 .23387 1.000 -1.5242 1.2049
.0617 .17078 1.000 -1.3997 1.5232
(J) paper
1.00
2.00
3.00
5.00
6.00
7.00
8.00
9.00
10.00
1.00
2.00
3.00
4.00
6.00
7.00
8.00
9.00
10.00
1.00
2.00
3.00
4.00
5.00
7.00
8.00
9.00
10.00
1.00
2.00
3.00
4.00
5.00
6.00
8.00
9.00
10.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
9.00
10.00
(I) paper
4.00
5.00
6.00
7.00
8.00
Tamhane
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
Based on observed means.
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Multiple Comparisons
Dependent Variable: logarea
.7390 .19194 .497 -.6964 2.1744
.1354 .23279 1.000 -1.2243 1.4951
.1527 .19009 1.000 -1.3096 1.6150
.1820 .18321 1.000 -1.4229 1.7870
.0496 .20420 1.000 -1.2843 1.3834
.1754 .18847 1.000 -1.3140 1.6648
-.0192 .19350 1.000 -1.4348 1.3964
.1597 .23387 1.000 -1.2049 1.5242
.2214 .18255 1.000 -1.4018 1.8446
.5176 .10637 .150 -.1428 1.1780
-.0860 .16931 1.000 -1.5273 1.3553
-.0687 .10300 1.000 -.6967 .5593
-.0394 .08968 1.000 -.5609 .4821
-.1718 .12717 1.000 -1.0631 .7195
-.0460 .09998 1.000 -.6465 .5544
-.2406 .10916 .970 -.9292 .4480
-.0617 .17078 1.000 -1.5232 1.3997
-.2214 .18255 1.000 -1.8446 1.4018
(J) paper
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
10.00
1.00
2.00
3.00
4.00
5.00
6.00
7.00
8.00
9.00
(I) paper
9.00
10.00
Tamhane
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
Based on observed means.
The mean difference is significant at the .05 level.*. 
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Homogeneous Subsets
logarea
4 3.1846
4 3.7023 3.7023
4 3.7416
4 3.7483
4 3.7640
4 3.7710
4 3.7883
4 3.8741
4 3.9237
4 3.9429
.074 .880
paper
1.00
10.00
4.00
6.00
8.00
3.00
2.00
5.00
9.00
7.00
Sig.
Tukey HSDa,b
N 1 2
Subset
Means for groups in homogeneous subsets are displayed.
Based on Type III Sum of Squares
The error term is Mean Square(Error) = .051.
Uses Harmonic Mean Sample Size = 4.000.a. 
Alpha = .05.b. 
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Appendix 2
ANOVA for Direct microscopic images
NPar Tests
One-Sample Kolmogorov-Smirnov Test
20 20 20
62261.9438 42107.8848 58966.7302
2592.18672 2190.46452 2402.71195
.112 .175 .125
.112 .096 .125
-.096 -.175 -.097
.502 .784 .559
.963 .570 .914
N
Mean
Std. Deviation
Normal Parametersa,b
Absolute
Positive
Negative
Most Extreme
Differences
Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)
VAR00001 VAR00002 VAR00003
One-Sample Kolmogorov-Smirnov Test
20 20
68796.4998 68946.2823
2129.32773 2414.48148
.124 .151
.108 .125
-.124 -.151
.554 .676
.919 .750
N
Mean
Std. Deviation
Normal Parametersa,b
Absolute
Positive
Negative
Most Extreme
Differences
Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)
VAR00004 VAR00005
Test distribution is Normal.a. 
Calculated from data.b. 
Univariate Analysis of Variance
Between-Subjects Factors
20
20
20
20
20
1.00
2.00
3.00
4.00
5.00
Days
N
Descriptive Statistics
Dependent Variable: Area
62261.944 2592.18672 20
42107.885 2190.46452 20
58966.730 2402.71195 20
68796.500 2129.32773 20
68946.282 2414.48148 20
60215.868 10148.04389 100
Days
1.00
2.00
3.00
4.00
5.00
Total
Mean Std. Deviation N
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Levene's Test of Equality of Error Variancesa
Dependent Variable: Area
.240 4 95 .915
F df1 df2 Sig.
Tests the null hypothesis that the error variance of the dependent variable is equal across groups.
Design: Intercept+Daysa. 
Tests of Between-Subjects Effects
Dependent Variable: Area
9669864055a 4 2417466013.8 437.086 .000
3.6260E+11 1 3.6260E+11 65558.419 .000
9669864055 4 2417466013.8 437.086 .000
525432628.9 95 5530869.778
3.7279E+11 100
10195296684 99
Source
Corrected Model
Intercept
Days
Error
Total
Corrected Total
Type III Sum
of Squares df Mean Square F Sig.
R Squared = .948 (Adjusted R Squared = .946)a. 
Estimated Marginal Means
Days
Dependent Variable: Area
62261.944 525.874 61217.952 63305.936
42107.885 525.874 41063.893 43151.877
58966.730 525.874 57922.738 60010.722
68796.500 525.874 67752.508 69840.492
68946.282 525.874 67902.290 69990.274
Days
1.00
2.00
3.00
4.00
5.00
Mean Std. Error Lower Bound Upper Bound
95% Confidence Interval
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Post Hoc Tests
Days
Multiple Comparisons
Dependent Variable: Area
20154.0590* 743.69818 .000 18085.9351 22222.1829
3295.2136* 743.69818 .000 1227.0897 5363.3375
-6534.5560* 743.69818 .000 -8602.6799 -4466.4321
-6684.3384* 743.69818 .000 -8752.4624 -4616.2145
-20154.0590* 743.69818 .000 -22222.1829 -18085.9351
-16858.8454* 743.69818 .000 -18926.9693 -14790.7215
-26688.6150* 743.69818 .000 -28756.7389 -24620.4911
-26838.3975* 743.69818 .000 -28906.5214 -24770.2735
-3295.2136* 743.69818 .000 -5363.3375 -1227.0897
16858.8454* 743.69818 .000 14790.7215 18926.9693
-9829.7696* 743.69818 .000 -11897.8935 -7761.6457
-9979.5521* 743.69818 .000 -12047.6760 -7911.4281
6534.5560* 743.69818 .000 4466.4321 8602.6799
26688.6150* 743.69818 .000 24620.4911 28756.7389
9829.7696* 743.69818 .000 7761.6457 11897.8935
-149.7824 743.69818 1.000 -2217.9063 1918.3415
6684.3384* 743.69818 .000 4616.2145 8752.4624
26838.3975* 743.69818 .000 24770.2735 28906.5214
9979.5521* 743.69818 .000 7911.4281 12047.6760
149.7824 743.69818 1.000 -1918.3415 2217.9063
20154.0590* 758.86648 .000 17895.1898 22412.9283
3295.2136* 790.33084 .002 945.8608 5644.5665
-6534.5560* 750.11561 .000 -8768.7279 -4300.3841
-6684.3384* 792.12224 .000 -9038.9139 -4329.7630
-20154.0590* 758.86648 .000 -22412.9283 -17895.1898
-16858.8454* 727.01993 .000 -19020.3642 -14697.3266
-26688.6150* 683.08753 .000 -28718.5618 -24658.6683
-26838.3975* 728.96693 .000 -29005.8263 -24670.9686
-3295.2136* 790.33084 .002 -5644.5665 -945.8608
16858.8454* 727.01993 .000 14697.3266 19020.3642
-9829.7696* 717.88095 .000 -11964.8928 -7694.6465
-9979.5521* 761.66743 .000 -12242.9091 -7716.1950
6534.5560* 750.11561 .000 4300.3841 8768.7279
26688.6150* 683.08753 .000 24658.6683 28718.5618
9829.7696* 717.88095 .000 7694.6465 11964.8928
-149.7824 719.85267 1.000 -2290.9243 1991.3595
6684.3384* 792.12224 .000 4329.7630 9038.9139
26838.3975* 728.96693 .000 24670.9686 29005.8263
9979.5521* 761.66743 .000 7716.1950 12242.9091
149.7824 719.85267 1.000 -1991.3595 2290.9243
(J) Days
2.00
3.00
4.00
5.00
1.00
3.00
4.00
5.00
1.00
2.00
4.00
5.00
1.00
2.00
3.00
5.00
1.00
2.00
3.00
4.00
2.00
3.00
4.00
5.00
1.00
3.00
4.00
5.00
1.00
2.00
4.00
5.00
1.00
2.00
3.00
5.00
1.00
2.00
3.00
4.00
(I) Days
1.00
2.00
3.00
4.00
5.00
1.00
2.00
3.00
4.00
5.00
Tukey HSD
Tamhane
Mean
Difference
(I-J) Std. Error Sig. Lower Bound Upper Bound
95% Confidence Interval
Based on observed means.
The mean difference is significant at the .05 level.*. 
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Homogeneous Subsets
Area
20 42107.885
20 58966.730
20 62261.944
20 68796.500
20 68946.282
1.000 1.000 1.000 1.000
Days
2.00
3.00
1.00
4.00
5.00
Sig.
Tukey HSDa,b
N 1 2 3 4
Subset
Means for groups in homogeneous subsets are displayed.
Based on Type III Sum of Squares
The error term is Mean Square(Error) = 5530869.778.
Uses Harmonic Mean Sample Size = 20.000.a. 
Alpha = .05.b. 
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